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ABSTRACT 
 
 
 
 
By the rapid of urban growth, it is impossible to accommodate the number and 
size of feeder required for distribution using the overhead line system approach. As 
an alternative the underground cables becomes more increasingly necessary to replace 
some of the overhead line for power transmission and distribution. Because of that 
reason, underground XLPE cables are the most popular for the underground systems. 
Performance of underground cables in service is being critical because of ageing 
mechanisms influences. There are many suitable techniques can be used to evaluate 
performance of aged and unaged underground cables. One of the techniques is based 
on tan delta and capacitance parameters of underground cables. This study only 
focuses on underground XLPE cables, which are voltage rated at11kV and 22kV for 
1-core and 3-cores types. By using Tettex Instruments – Schering Bridge Model 
2816, tan delta and capacitance data of XLPE underground cables are obtained. Tan 
delta and capacitance measurements were performed at ambient temperature (26.6oC) 
and at power frequency (50 Hz). From these analyses, show that tan delta values will 
be increased proportional with aging time of cables in service. Aging mechanisms are 
contributes these deteriorations of cables in service and consequently values of tan 
delta are increased with aging time of cable. Meanwhile, form capacitance analysis, 
the values of capacitance will be increased when contaminants, protrusions and voids 
are affected cables insulation and when moisture enters inside underground cable 
systems. 
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ABSTRAK 
 
 
 
 
Pembangunan yang pesat terutamanya di kawasan bandar menyebabkan 
penghantaran bekalan elektrik menggunakan sistem talian atas adalah mustahil dan 
kurang sesuai. Sebagai gantinya, sistem bawah tanah sangat diperlukan bagi 
menggantikan sistem talian atas untuk penghantaran dan pengedaran bekalan elektrik. 
Atas sebab tersebut, kabel XLPE bawah tanah telah meluas digunakan didalam sistem 
bawah tanah. Prestasi kabel bawah tanah dalam perkhidmatan menjadi kritikal 
disebabkan pengaruh mekanisma-mekanisma penuaan. Terdapat beberapa teknik 
yang sesuai dan boleh digunakan bagi menilai prestasi kabel bawah tanah. Salah satu 
daripadanya adalah berdasarkan parameter tan delta dan kemuatan kabel tersebut. 
Kajian ini hanya memfokuskan kabel XLPE bawah tanah bagi kadar voltan 11 kV 
dan 22 kV serta jenis 1 teras dan 3 teras. Dengan menggunkan peralatan Tettex 
Instruments – Schering Bridge Model 2816, data tan delta dan kemuatan kabel XLPE 
bawah tanah telah diperolehi. Daripada analisis ini, menunjukkan bahawa nilai tan 
delta akan meningkat berkadaran dengan tempoh masa kabel dalam perkhidmatan. 
Mekanisma-mekanisma penuaan telah menyumbang dengan tinggi ke arah penurunan 
prestasi kabel dalam perkhidmatan dan sebagai akibatnya nilai tan delta meningkat 
mengikut tempoh kabel dalam perkhidmatan. Manakala daripada analysis kemuatan, 
nilai kemuatan kabel akan meningkat apabila contaminants, protrusions dan voids 
menjejaskan penebatan kabel dan apabila kelembahan memasuki sistem kabel bawah 
tanah. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.0 Introduction 
 
By the rapid of urban growth, it is impossible to accommodate the number and 
size of feeder required for distribution using the overhead line system approach. As an 
alternative the underground cables becomes more increasingly necessary to replace 
some of the overhead line for power transmission and distribution. Many cities in the 
world are practicing to apply this trend. 
 
Power cable technology had its beginnings in the 1880s when the need for 
power distribution cables became important [1]. Some of the earliest power cables 
consisted merely of duct with the copper conductors insulated from ground by glass or 
porcelain insulators. Some of the more common early solid and liquid insulating 
materials employed in various underground cable installations were natural rubber, 
gutta-percha, oil and wax, rosin and asphalt, jute, hemp and cotton. First oil-
impregnated-paper  power cable was introduced in 1890 and that cables was installed in 
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London in 1891 for 10kV operation. After that, many researches had been done to find 
alternative insulations which are provided more good characteristics of dielectric.  
 
In the late 1960s power distribution cables insulated with cross-linked 
polyethylene (XLPE) began making their appearance in Canada and United State in 
1965 [1]. Cables insulated with XLPE presently dominate the distribution cable field in 
North America, Japan and Northern Europe. After that, Cross linked Polyethylene 
(XLPE) has been used over the world as electrical insulating material in underground 
distribution and transmission class cables because of their excellent dielectric strength, 
low dielectric permittivity and loss factor, good dimensional stability, solvent resistance 
and good thermo-mechanical behavior.                                     
 
 
1.1 Background Study 
 
Underground power distribution system is become more important in Malaysia 
environment especially in urban area. Because of that, more electricity power is needed 
to supply those facilities in compact urban area. Therefore, that underground electrical 
supply system is most important to apply. Underground XLPE insulators cables are 
widely used for underground cables system especially in urban or compact area with 
many of facilities are provided. Even though underground XLPE cables provided 
excellent dielectric strength, low dielectric permittivity and loss factor, good 
dimensional stability, solvent resistance and good thermo-mechanical behavior, 
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unfortunately, there are some weakness is faced by XLPE cables which is bring down 
their performance in service. Several aging mechanisms can affects performance of 
cables system in service. For instances, because of internal discharge, improper cable 
joints, terminations and moisture absorption will make the cables fail in service. In 
order to evaluate the performance of underground XLPE cables, there are several 
factors or parameters should be considered. In this study, tan δ and capacitance 
parameters of XLPE cables are being considered on the cable are taken from service. 
From this study, some finding or conclusion should be obtained to know the 
performance of XLPE cables in service. 
 
 
1.2 Objectives 
 
The objectives of this study are listed below: 
 
1. To study and understand the concepts of underground XLPE distribution cables 
system. 
2. To Identify the aging mechanisms of underground cables system.  
3. To perform measurements of tan δ and capacitance of underground XLPE 
distribution cables from service. 
4. To analyze performance of underground XLPE distribution cables in service 
based on tan delta and capacitance parameters. 
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1.3 Scopes 
 
The scopes and limitation of this study are as follows: 
 
1. This study only focus on underground XLPE distribution cables that voltage 
rated at 11kV and 22kV for 1-core and 3-core types. 
2. All samples of XLPE cable are taken from service. 
3. Data of tan δ and capacitance of XLPE cables are measured by using Tettex 
Instruments – Schering Bridge Model 2816.    
4. All analysis will be based on data are obtained from measurements of XLPE 
cables samples. 
5. The areas of research are only around Johor Bahru and Kulai, Johor. 
 
 
1.4 Expected Results 
 
The expecting result for this study is the performance of underground XLPE 
cables can be evaluated by looking their tan δ and capacitance parameters for aged 
XLPE cables where are taken from service. From those analysis of tan δ and 
capacitance data, several factors may be affected the performance of underground 
XLPE cables in service can be predicted. The tan δ and capacitance parameters data of 
underground XLPE cables are measured by using Tettex Instruments – Schering Bridge 
Model 2816.  
 
CHAPTER 2 
 
 
 
 
 
 
 
LITERATURE REVIEWS 
 
 
 
 
 
 
 
2.0 Introduction 
 
Many researches had been done to investigate the problems of Cross-inked 
Polyethylene (XLPE) insulator of power cables that is can affect their performance in 
service. There are several causes requiring considerable for cables lack of performance 
and failure, for instances because of water treeing and electrical treeing phenomena, 
material and design of cables, and so on. Therefore, many researchers are trying to reduce 
the problem of performance and failure of underground cables by doing experiments and 
introduced many techniques so that the performance of cables in service can be 
maintained. One of the techniques to evaluate the behavior and performance of 
underground XLPE cables are by looking the tan δ and capacitance parameters of cables 
insulator. 
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2.1 Aging Process of Underground Cable 
 
Extruded insulations for medium voltage cables in 1950s are butyl rubber and 
other ozone resistant compounds had the base polymer extended by fillers to provide 
optimum physical and electrical properties. Because it was recognized that these 
materials absorbed significant amount of moisture in a wet environment, water soak tests 
were devised. The weight increase after prolonged water immersion at rated temperature 
was measured, the so-called gravimetric method of accelerated moisture absorption [1]. 
These test led to the elimination of hydrophilic materials and electrical test also were 
introduced for more accurate determination of moisture effects in the insulation. The 
EM60 test in industry standards [1] provides for a maximum permittivity (SIC) and 
increase in SIC after 14 days immersion at 750C and limits of dissipation factor (tan δ) 
stability. Both polyethylene and XLPE are hydrophobic material. Since they absorb very 
little moisture and long term insulation resistance results of immersed specimens were 
demonstrated to be stable over prolonged periods, it was naturally expected that these 
material could safety be used as medium voltage cable insulation in wet environment. In 
the early 1960s medium voltage were in commercial use and less than 10 years later 
premature failures of unexplained nature were reported [1]. The researches and studies of 
these problem is conducted by the Pacific Gas and Electric Company of San Francisco 
1971 and from that report shows that all polyethylene and XLPE in typical utility 
environment would eventually contain water trees [1]. These trees sometimes develop 
into electrical trees and finally lead to dielectric failure. These unexpected discoveries of 
possible unsatisfactory service life of polyethylene and XLPE power cable were 
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disturbing to the power utilities and the cable industry and led to urgent studies of the 
problem in many countries including Canada [1]. Trees can be observed easily in 
polyethylene and XLPE cables because these insulations are translucent. 
 
Water trees have basic characteristics different from electrical trees. Electrical 
trees are characterized by the occurrence of partial discharge, require high electric stress 
to initiate and rapidly lead the catastrophic dielectric failure. Water trees can be initiated 
at much lower dielectric stress, grow very slowly and are associated with no measurable 
partial discharge and may completely bridge the insulation from conductor to shield 
without dielectric breakdown, although the dielectric strength is much reduced, in 
particular direct current (dc) breakdown value [1]. The phenomena of water trees 
extensively studied in 1970s but the inception and growth of the treelike structure has no 
universally agreed theoretical basis. The literature on water treeing is large because the 
investigations, although only encompassing a short time period are intensive. Bernstein 
1984 [1], in his review of water treeing theory gives the major requirements and factors 
influencing the growth but suggests that the mechanism of inception is no known. It is 
accepted that two fundamental conditions are required as follows: 
 
i) A polar liquid, usually water must be present. 
ii) Voltage stress, electrical trees require only voltage stress. 
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Bernstein 1984, other factors that are influenced the performance of underground 
cable are listed as follows: 
 
i) Aging time. 
ii) Material nature. 
iii) Contaminants/impurities. 
iv) Temperature. 
v) Temperature gradient. 
vi) Cable design. 
vii) Magnitude of operating voltage stress. 
viii) Test frequency. 
ix) Antioxidant. 
x) Voltage stabilizer. 
xi)  Water nature. 
xii) Semiconductor layer type. 
 
It has been shown that water in the interstices of the stranded conductor greatly 
enhances the tree growth even when the cable is immersed in water, particularly when a 
temperature gradient exists in the insulation [1]. From many researches, water trees 
problem is still under investigations because of that cannot be eliminated completely. 
Although the problem of water treeing has not been eliminated, manufactures are 
improving processing technology to improve the service life of power cables. Tree-
retardant XLPE insulation compounds are widely used replacing conventional XLPE 
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insulation. Some experts believe that voltage stress should be reduced even though this 
action would increase the first cost of the cable [1]. Modern cable design has improved 
markedly over the last decade, but a final solution to water treeing and premature failure 
in wet environment has not yet been assured. Recent failure investigations [1] led to the 
conclusions that failures in XLPE begin to intensify after 10-15 years in service and that 
water treeing and internal defects (inclusions) were the most often identified problems. 
Unfortunately, there is an unavoidable time lag between possible effective corrective 
measures and corroborative evidence from service failure rates.     
 
 
2.2 Studies of tan δ and Others Parameters to Investigate Cable Behaviors  
 
There are many studies has been done by looking tan δ and partial discharge 
parameters to evaluates and investigate the behaviors of XLPE underground cable in 
medium voltage levels. Water treeing phenomena is most related to tan δ and capacitance 
parameters of XLPE insulation.   
 
A. Sivathanu Pillai and U.C. Trivedi (1988) investigate the effect of conductor 
loading and ingress of moisture into the cable insulation on the partial discharge and loss 
tangent values of 6.6 kV cross-linked polyethylenes (XLPE) power cable samples under 
different voltage stresses. This is because, in the case of cross-linked polyethylene 
(XLPE) power cables, one of the major problems is deterioration of cable insulation by 
water treeing. If it is possible to detect treeing inception in advance at site, many 
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breakdown failures of XLPE cable may be avoided. From that investigation, the results 
obtained indicate that partial discharge values of XLPE cable samples, which have 
undergone load cycling and moisture absorption, are higher than that of unaged cables 
and the magnitude depends on the voltage stress applied. The partial discharge values 
measured are higher than the allowed limit at higher voltage stress for the cables exposed 
to moisture absorption. The conductivity of water used for moisture absorption has 
considerable influence on the partial discharge magnitude. They also found that a loss 
tangent value is increased after aging tests and moisture absorption. The power frequency 
breakdown voltage of XLPE cable after moisture absorption is lower than the value 
obtained after load cycling test. From this investigation and studies, partial discharge and 
tan δ parameters can be used in order to evaluate the performance of underground XLPE 
cables and breakdown failures of XLPE cable insulation can be avoided if the inception 
of treeing or treeing is detected in advance on installed cables. 
 
H. Faremo and Ildstad (1993) have focused on measurements of the initiation and 
growth of water trees and dielectric loss (tan δ) at power frequency (50 Hz). It is because 
water treeing is considered the most serious ageing phenomenon of polymeric insulated 
power cables aged in humid environment. Water tree tests were performed on Rogowski-
type test objects kept at 20°C and energized at 10 kV/mm for up to nine weeks of aging. 
Measurements of the dissipation factor (tan δ) were performed on 12 kV cable samples in 
the temperature range 20-1300C, up to a maximum voltage of 96 kV. Form this 
measurement, the results show that water trees are also readily initiated in WTR 
materials, and that their growth rates are approximately as for conventional XLPE. In all 
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the materials tested, introduction of mechanical strain strongly enhanced the initiation 
and growth of water trees. The WTR-cable samples examined showed different 
temperature and voltage dependent dissipation factors (tan δ). Typically, the dissipation 
factor (tan δ) of degassed cable samples at 20°C was about two times higher than that of 
conventional XLPE, and at 90°C it was six times higher. This difference was found to 
increase with increasing voltage. Prior to the degassing of the by products from the 
curing process, some of the WTR cables showed high dissipation factors even at 20°C, 
and their values were found to increase nearly proportionally with applied voltage. They 
also found that the dissipation factor (tan δ) of WTR-XLPE  cable samples examined 
were higher and more affected by temperature and applied voltage than those of samples 
of conventional XLPE cable. The results indicate that several mechanisms may contribute 
to dielectric loss in WTR-XLPE cable. 
 
T. Nagata and N. Shimizu (1989), in order to evaluate the deterioration of aged 
XLPE cable, they measured AC, DC and impulse breakdown strength, tan δ, residual 
voltage and DC leakage current as electrical properties. They found that tan δ in XLPE 
cable increase with service in years and also maximum bow tie tree tends to increase with 
service in years. The AC, DC and impulse breakdown strengths decrease with service in 
years. The water tree region includes a number of oxidation products, so that it is 
reasonable that development of bow tie tree increase the tan δ values. Tan δ might more 
correlative with number of small water tree rather than maximum length. They also found 
that oxidation of XLPE is promoted by temperature. It shows that tan δ which increase 
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with service in years and get strong correlation with breakdown strengths and 
temperature of cable in service. 
 
 
2.3  XLPE Cable Joints and Termination 
 
Improper in jointing and termination of cable systems is requires considering for 
cables failure. Water enters a cable system by various paths e.g. damaged outer sheath, 
improper sealing of cable ends and terminations. The part of jointing is a critical part. In 
order to make proper joints between two underground cables, several rules should be 
followed in a proper ways. It is because by increasing moisture in cable system can be 
caused improper or deteriorated sealing in joints of cables. Also, the lead sheet of the 
cable can be deteriorated due to corrosion or mechanical damage. In the worst cases, 
cables will be breakdown.  
 
H. N. Nagamani and Channakeshava (1998), the others effect can be occurred if 
jointing and termination of cable is not in proper, so that the water will enter inside cable 
systems and traverses the length along the space between conductor strands and those 
between cores. In all its forms, moisture is known to be a catalytic agent hastening cable 
failure. Under the influence of an electric field and water, XLPE suffers from localized 
breakdowns due to water trees. Chemical reaction between aluminium conductor and 
water is known to liberate hydrogen gas, causing high internal pressure and hence large 
mechanical stress at joints. The dielectric failure occurs more often than not, due to 
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water-aided treeing and joint failures are caused by incipient mechanical stresses. The 
factors failure of cables joints also can be considered because of the design and 
construction of cables. Cable termination is also critical part which is should be given 
more attention. It is because if improper termination is occurs, performance of cables will 
be deteriorated and in very serious problem the cables system will be breakdown.   
 
 
2.4 Other Effects is deteriorated XLPE Cable Performance 
 
G. Katsuka, A. Toya, S. Kataki, M. Kanaoka and Y. Sekii (1991), voids, 
contaminants and protrusions in XLPE cables are defects that greatly affect the insulating 
properties of those cables. The ac breakdown strength of the cables will decreases with 
the increase of void size, while the existence of voids does not have any effect on impulse 
breakdown strength. Meanwhile, contaminants and the protrusions decrease both ac and 
impulse breakdown strengths. Beside that, the accumulation of space charges was 
discovered around the defects in XLPE cable insulation. The number and size of those 
defects have been decreasing year by year due to significant advances in cable 
manufacturing techniques, which have increased the breakdown strength of XLPE cables. 
Nevertheless, the reliability of cable performance will be affected.  
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2.5 Conclusion 
 
From literature study above shows, many researches had been done to investigate 
the problems of underground XLPE cable is occurring in service. It shows that, there are 
two fundamentals conditions in order XLPE insulation are deteriorated, the conditions are 
listed as follows: 
 
i) Polar liquid, usually water must be present. 
ii) Voltage stress, electrical trees require only voltage stress. 
 
Whereby a polar liquid will cause water-treeing phenomena and voltage stress can 
cause electrical treeing phenomena. These two factors are identifying as a major problem 
and can causes deterioration of cable in service and lead to breakdown. Meanwhile, the 
other factors also being affected the performance of underground cable but is not the 
critical factors.  
 
In order to evaluate the behaviors and performances of XLPE cables, there are 
several parameters can be considered in these purposes. Tan δ and capacitance 
parameters is one of the parameters can be used to evaluates and investigate the 
performance of XLPE cables in service. There are several researchers are used these 
parameters, tan δ and capacitance to evaluates and investigates the behaviors and 
performances of XLPE underground cables. 
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Although the underground XLPE cables are provided with excellent dielectric 
strength, low dielectric permittivity and loss factor, good dimensional stability, solvent 
resistance and good thermo-mechanical behavior but because of problem as mentioned 
above their performance will be deteriorated and the age of cable will be reduced. It is 
because, the lifetime of underground cable is usually around 40 years in service [2]. 
Therefore, the cost to replace new underground cables can be reduced.  
 
CHAPTER 3 
 
 
 
 
 
 
DIAGNOSTICS IN EXTRUDED INSULATIONS FOR POWER CABLES 
 
 
 
 
 
 
 
 
3.0 Introduction 
 
There are several polymers being used as extruded insulation in high-voltage 
power cables from 5 kV up to 500 kV. These are the several types of insulation usually 
are being used and those insulation are density polyethylene (LDPE), crosslinked 
polyethylene (XLPE), tree-retardant crosslinked polyethylene (TRXLPE) and different 
formulations of ethylene propylene rubber (EPR). Each material has excellent short-
term electrical properties suitable for cable insulation, high electrical breakdown 
strength, low dielectric loss and low dielectric constant. However, all electrical 
insulation systems are susceptible to ageing when subjected to the thermal, electrical, 
environmental and mechanical stresses experienced under service conditions [9]. The 
ageing produces changes in the properties of the insulation system and, when a property 
can no longer support the applied stresses, failure results. 
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Diagnostic techniques evaluate the condition of cable insulation systems and 
monitor the degradation and deterioration. Diagnostics are needed: 
 
i) To ensure that cables and their accessories have been manufactured and 
installed to acceptable standards. 
ii) To ensure that insulation systems, particularly those which have been in 
service for many years and may be approaching the end of their estimated 
lifetimes, are in an adequate condition to continue in operation. 
iii) To predict the remaining life of insulation systems. 
 
To achieve these objectives, it is necessary to know the mechanisms of ageing 
and how the ageing affects properties which can be used as diagnostic tools. This 
chapter will be briefly discussed ageing mechanisms and diagnostic techniques, based 
on these mechanisms. 
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3.1 Ageing Mechanisms 
 
The ageing factors which affect cable insulation systems are listed in Table 3.1. 
 
Table 3.1: Ageing Factors which affect Extruded Insulation Systems for Cables [9] 
Thermal Electrical Environmental Mechanical 
• Maximum T 
• Low, high ambient 
temperature T 
• Temperature gradient 
• Temperature cycling 
• Voltage (AC, 
DC, Impulse) 
• Frequency 
• Current 
• Gasses (air, oxygen, etc) 
• Lubricants 
• Water/humidity 
• Corrosive chemicals 
• Radiation 
• Bending 
• Tension 
• Compression 
• Torsion 
• Vibration 
 
These factors, acting singly or synergistically can induce changes in the materials of a 
cable insulation system and can affect the material properties. This type of ageing is 
referred to as intrinsic ageing. 
 
The ageing factors also interact with contaminants, protrusions or voids (CPVs) 
in the materials or at interfaces to cause degradation [9]. The CPVs may be 
unintentionally introduced during material processing, cable and accessory 
manufacture, transportation, installation or in service. This type of ageing is referred to 
as extrinsic ageing. Extrinsic ageing usually results in localized modifications to an 
otherwise uniform material structure. Failure usually initiates in these localized regions. 
And gradually propagates through the insulation. Although there has been a concerted 
effort to reduce the types, numbers and sizes of the CPVs, extrinsic ageing is still the 
dominant factor in both medium and high voltage cable systems. As a general rule, as 
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the intensity of the CPVs decreases, their influence on ageing begins at much higher 
stresses. The increased possibility of CPV occurrence during terminating and jointing 
procedures makes the accessories, particularly in transmission cable systems, more 
vulnerable to ageing. A diagnostic test for transmission cable systems must therefore be 
sensitive to the condition of the accessories. 
 
Extruded insulations age differently if they are exposed to moisture while 
electrically stressed medium voltage cables or operate under dry conditions 
transmission cables. The mechanisms of ageing under wet and dry conditions are 
shown in Figure 3.1 and Figure 3.2 respectively. The left hand sides of the figures show 
possible extrinsic ageing which involves the interaction of electric stress and the CPVs, 
while the right hand sides show combined intrinsic/extrinsic mechanically and 
thermally initiated ageing. 
 
 
3.1.1 Wet Ageing Mechanisms 
 
For wet ageing, water-tree induced degradation from soluble contaminants and 
protrusions is the main cause of ageing, Figure 3.1. Bow tie trees, which grow from 
water-filled voids and reach a limiting length of some tens of µm, do not have a 
significant effect on ageing at the stresses used in medium voltage cables, 2 kV/mm. 
These trees grow more rapidly at high temperatures due to the increased rate of 
diffusion of moisture. Vented trees and bow-tie trees from soluble contaminants 
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continue to grow with time under electric stress and appear to be little affected by 
temperature or mechanical stress. The mechanisms of water treeing and how the water 
tree initiates failure are not clearly understood. Significant oxidation may occur in trees 
at high temperatures leading to increased water absorption, higher conductivity and 
eventual thermal runaway. At lower temperatures the water tree takes a longer time to 
oxidize or to convert into an electrical tree to start the failure. 
 
Voids within the insulation or at interfaces can give rise to partial discharges 
which eventually lead to electrical trees and failure. However, under wet conditions, the 
voids are more likely to be filled or partially-tilled with water which will suppress 
discharges but become initiation sites for bow-tie trees. 
 
Intrinsic ageing can also occur. High temperatures promote oxidation, 
particularly on the outer insulation shield surfaces, which could cause cracking, 
precipitation of soluble additives to form contaminants or void formation due to 
recrystallization and secondary crystallization [13]. At high stresses, partial discharges 
can form in these voids or electrical trees can initiate from the contaminants. 
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Figure 3.1: Wet Aging [9] 
 
 
Figure 3.2: Dry Aging [9] 
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Thermal and mechanical stresses can cause cracking and delaminating of the 
shield from the insulation, loss of adhesion between a contaminant and the insulation, 
penetration of the neutral wire through the insulation shield into the insulation or 
displacement of the conductor in the insulation. This can create voids from which either 
vented trees or partial discharges can occur. 
 
 
3.1.2 Dry Ageing Mechanisms 
 
Extruded insulations in transmission cables usually operate at higher electric 
stresses (>5 kV/mm) under dry conditions [14]. Small bow-tie trees produced by the 
residual water in dry-cured materials (<200 ppm) are assumed not contribute to ageing, 
Figure 3.2. 
 
 
Figure 3.3: Discharge Inception Stress vs. Cavity Size [9] 
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Figure 3.4: Discharge Magnitude vs. Cavity Diameter for 230 kV [9] 
 
 
Partial discharges can occur in smaller voids at higher stresses, as shown in 
Figure 3.3. Figure 3.4 shows the calculated values of the discharge magnitudes which 
occur in spherical cavities of different sizes located at either the conductor or insulation 
shield for a 230 kV XLPE cable. According to the present IEC specification 840 [15], 
the detection limit of 5 pC would require a cavity of about 1 mm and 1.5 mm diameter 
at the conductor and insulation shields respectively. High sensitivity methods are 
required to detect discharges in smaller cavities. Another aspect which must be 
considered is the availability of electrons to initiate the partial discharges. Table 3.2 
shows the mean time between electrons for cavities of different sizes assuming a 
natural background electron production rate of 3 electrons /s/cm3. The electron 
production rate is less than 1 per hour for spherical cavities less than 0.5 mm diameter. 
Thus, it is unlikely that discharges would occur in cavities, 0.5 mm diameter or less, in 
a short term test of one hour unless the electron production rate is increased by some 
form of ionizing radiation [16]. As there is an increased risk of voids occurring during 
the preparation of joints and terminations in transmission-cable systems it is critical to 
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test these components after installation. This would be a useful application where X-
rays could be used to ensure partial discharge detection 
 
Contaminants and protrusions enhance the local electric stresses depending on 
their location, shape and size. When these local electric stresses exceed a critical level, 
significant charge motion occurs. The charges gain energy from the applied field and 
lose it through collisions with the polymer The energy exchange can cause bond 
breakage, recombination with the emission of light, ionization, charge trapping and 
retrapping, and the formation of chemically reactive species. These processes will cause 
local degradation of the polymer, the rate of which will depend upon the electric field, 
polymer morphology and environmental conditions (dissolved gases, contaminants, 
etc.). Although this degradation is difficult to detect in cables, it has been observed in 
models which represent protrusions in the insulation, e.g. a needle/plane embedded in 
LDPE or XLPE. Emitted light and charge flow from the high stress region of the 
protrusion can be detected and measured using specialized and dedicated facilities. 
However, the techniques are not easily applicable for use as diagnostics of cable 
systems. The localized degradation will continue until a small channel is formed within 
which partial discharges occur to extend the channel and initiate an electrical tree. The 
tree growth rate will be determined by the applied electrical stress, temperature, 
environmental and mechanical stresses. 
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Table 3.2: Mean Time between Electrons for Spherical Cavities of Different Diameters 
[9] 
Cavity Diameter 
µm 
Mean Time Between Electrons 
Years(y), days (d) or minutes 
(m) 
10 20.2 y 
20 2.5 y 
50 59 d 
100 7.3 d 
200 22.1 h 
500 1.4 h 
1000 10.6 m 
1200 6.12 m 
1500 3.14 m 
2000 1.33 m 
 
 
Although it has no theoretical basis, the inverse power law model is often used 
to represent dry ageing of extruded insulation systems for high-voltage cables. The 
model can be expressed as: 
Un × Life = Constant    (3.1.2a) 
 
where U is the voltage and n is the life or voltage exponent. The exponent n varies 
between 8 and 1>20. Early values for n were in the 8 to 10 ranges, but several more 
recent studies using insulation systems with reduced levels of CPVs, claim values of n 
in the range I5 to >20. The studies used to estimate n are relatively short term and 
carried out at relatively high electric stresses, caution must, therefore be exercised when 
extrapolating to long lifetimes. There has been little work to quantify the effects of 
thermal, mechanical and environmental stresses on the life exponent n. 
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Intrinsic thermal and thermo mechanical ageing can also occur. Thermal ageing 
can cause embrittlement of the insulation shield with the possibility of cracking or 
delaminating of the shield. This could result in partial discharges leading to electrical 
trees and eventual failure. Thermo mechanical ageing is a result of the differences in 
the thermal expansion coefficients of the cable components. For example, the insulation 
can exert considerable force on neutral wires or tapes of medium voltage cables or the 
sheath of transmission-class cables. At temperatures below the emergency rating 
(130°C) the neutral wires of medium voltage cables have been observed to penetrate 
through the insulation shield and into the insulation. This can create voids in which 
partial discharges could occur. In addition, under certain conditions a high temperature 
conductor can exert sufficient pressure on the insulation, particularly at bends to move 
through the insulation to reduce the wall thickness and possibly create cavities [18]. 
Thermal and mechanical stresses can cause the loss of adhesion between contaminants 
and the insulation and also the loss of adhesion between interfaces in joints or 
terminations, this too can result in void formation with possible partial discharges. 
 
In the above discussion, mechanisms of ageing have been proposed for wet and 
dry conditions which are difficult to detect and monitor in cable systems. Discussions 
of diagnostic techniques to assess the condition of the cable insulation system will be 
discussed follows. 
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3.2 Diagnostic Techniques 
 
Usually, a main thing of diagnostics is to assess the condition of an insulation 
system at some stage during its life and in many situations only when the equipment is 
approaching the end of its estimated life. However tests carried out on new equipment 
during manufacture and after installation, to ensure its suitability for service are also 
diagnostic tests 'Type' tests on new designs and materials, 'factory' tests on all 
manufactured equipment and 'after-installation' tests are carried out to ensure 
satisfactory performance in service. There are national and international standards for 
the 'type' and 'factory' tests for both medium- and high-voltage cables. The 'after-laying' 
tests for extruded dielectric cables are controversial, DC tests are commonly used but 
there is concern that too low a test voltage will not identify gross defects and that space 
charge, which might increase the rate of degradation in service may be injected into the 
insulation at high voltages. There is an urgent need for an 'after-laying' test, particularly 
for high-voltage cables.  
 
The ideal diagnostic test should measure a property of the insulation system that 
varies approximately linearly with the time of ageing so that the property has a well 
defined end-of-useful life threshold and changes in the property vary linearly with time, 
particularly as the end-of-useful-life threshold is approached. This would allow periodic 
measurements rather than continuous monitoring and would reduce the risk of either 
missing a failure or predicting a false failure which could occur if the property changes 
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rapidly at first and then very gradually or gradually at first and then very rapidly close 
to failure.  
 
As can be seen from Figures 3.1 and 3.2 there are several mechanisms of ageing 
possible for either wet or dry insulation systems. This increases the difficulty of finding 
the ideal property for diagnostic purposes. For medium voltage cables i.e., wet ageing, 
Figure 3.1, its needed to monitor water tree growth and partial discharges to account for 
all the stages of the ageing. Water trees are difficult to detect in situ by electrical 
methods and the sensitivity of partial discharge measurements in the field is reduced by 
electrical noise on the system. For high voltage cables, the best diagnostic tool is partial 
discharge monitoring. However the larger thickness of the insulation increases the 
signal to noise problem. Thus, special techniques to reduce the effect of noise have to 
be used and are under investigation. 
 
The types of diagnostic tests for extruded medium voltage cables are listed in 
Table 3.3, they are broadly divided into electrical and non electrical, destructive and 
non destructive. The most common diagnostic tool in use for cables, which have been 
subjected to accelerated-ageing tests in the laboratory, is a breakdown-voltage test such 
as 50/60 Hz or impulse-voltage breakdown [18]. The condition of the insulation system 
is evaluated by comparing the breakdown strengths before and after ageing. There are, 
at present, no models to accurately predict the remaining service life of the insulation 
from the results of these tests. A combination of tests is also used as a diagnostic, for 
example, the maximum water-tree length and the 50/60 Hz breakdown strength have 
 
 29
been used to determine the condition of a cable [19]. The non-electrical tests are 
destructive and are performed on sections of cable or laboratory-prepared specimens. 
 
There is great interest in the development of non-destructive in situ tests which 
can be performed on or off-line. The withstand tests have been categorized as a non 
destructive test in that, if it survives the test, the cable is allowed to continue in service, 
but if it fails, then other criteria such as number of previous failures, importance of the 
continuity of service to the customers, etc., are used to decide when to replace the cable 
[20]. It should be noted that no knowledge of the ageing mechanisms is required in 
applying a withstand test as it searches out the weak points in the insulation system and 
gives no information about the rest of the insulation except that it withstood the applied 
voltage. Although other non destructive tests are considered not to subject the cable 
under test to the risk of failure, higher than operating voltages are often used which 
obviously increases this risk. The electrical utilities would prefer an on-line or off-line 
test which would measure a property at operating voltage, provided there was a good 
correlation between the property being measured and, cable ageing. There are several 
interesting techniques under development, some of which are described below. It must 
be pointed out however, that techniques have been proposed which appear to predict 
ageing in lower-voltage cables, which have a smaller insulation wall thickness, but are 
less successful in detecting ageing in cables of higher-voltage ratings. 
 
There is considerable interest in assessing the condition of both medium and 
high voltage cables which have been in service for a number of years. The most 
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common evaluation of both cable types has been by breakdown measurements. As 
previously mentioned, breakdown or withstand tests reveal the weak points in the 
insulation but do not give any information about the general state. A concerted effort is 
needed to evaluate field aged cables, with known service histories, using techniques to 
evaluate the general state of the insulation system. 
 
 
3.2.1 Diagnostic Techniques for Medium-Voltage Cables 
 
For example, tests have been performed on a 5 kV cable which had failed in 
service after 8 years [9]. The cable contained numerous vented water trees some of 
which almost bridged the insulation. Two lengths of cable is obtained, one is immersed 
in water and the other maintained dry for use as a control were aged at 3 kV, the normal 
operating voltage for the cable. Although the dried cable contained water trees when 
wet, after drying it showed characteristics similar to that of an unaged cable, i.e., high 
breakdown strength and low tan delta. The following measurements were taken 
periodically to assess the condition of the insulation system: 
 
• DC depolarization current 
• AC (50/60 Hz) tan delta 
• AC (50/60 Hz) conduction current waveform 
• Low frequency measurements 
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Table 3.3:  Diagnostic Test for Medium Voltage Cable [9] 
Electrical Tests 
Destructive Comments Types of Sample 
In 
Situ Status 
Critical 
Value 
 
AC Breakdown - - No Ageing Test/Lab. ≥ 10 kV/mm 
Impulse B/D - Cable/Material No Ageing Test/Lab. - 
 
Non – Destructive Comments Types of Sample 
In 
Situ Status 
Critical 
Value 
 
AC Withstand - Cable Yes In use/Under Investigation 
3Uo or 15 
min. 
Oscillating Wave - Cable Yes Under Investigation - 
Low Frequency - Cable/Material Yes Under Investigation - 
Tan delta 60/50 Hz, HF, LF Cable/Material Yes 
In use/Under 
Investigation - 
AC Current Waveform 60/50 Hz Cable/Material Yes In use/Under Investigation - 
DC Current/Residual 
Voltage - Cable/Material Yes 
In use/Under 
Investigation - 
TDR (Dielectric Response) - Cable Yes Under Investigation - 
Partial Discharge (PD) - Cable/Material Yes Under Investigation - 
Space Charge TSC, Pressure Pulse, etc. Cable/Material Yes 
Under 
Investigation - 
Electroluminescence - Material No Laboratory Tool - 
Non – Electrical Tests 
Non – Destructive Comments Types of Sample 
In 
Situ Status 
Critical 
Value 
 
Polymer Morphology DSX, SAXS, etc. Material No Laboratory Tool  - 
Optical Microscopy Tree length and density Material No Laboratory Tool - 
Scan, electron Microscopy - Material No Laboratory Tool - 
Chemiluminescence - Material No Laboratory Tool - 
Impurity Analysis EDX, WDX, PIXE, NAA Material No Laboratory Tool - 
Chemical Analysis IR, FTIR, XPS, UV, etc. Material No Laboratory Tool - 
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3.2.2 DC Depolarization Current 
 
Direct voltages of up to 12 kV were applied to a 3 meter active length of cable 
for a known duration (0.25 to 1 h) [9]. The cable was short-circuited for 10 s to remove 
the capacitive current component, and the depolarization current was then recorded for 
set periods, usually 0.5 h. Results for wet and dry cables are shown in Figure 3.5. Tests 
performed after 2500 and 4000 h of laboratory ageing show that: 
 
i) The discharge current is larger in the wet cable. However, the difference 
between the wet and dry cables was less than 50% which may not be large 
enough for field measurements. 
ii) At any particular time during the discharge period, the current is linear with 
applied voltage up to 12 kV for both wet and dry cables. 
iii) The current/time characteristics are similar for the wet and dry cables and do 
not follow the well known equation, I = t-n. Plots of ln(I) vs. ln(t) for both 
wet and dry cables can be approximated by 3 linear regions, for 1 < t < ~ 20 
s, 20 < t < 200 s and 200 < t < 1800 s (Figure 3.5). 
iv) The DC test appears to increase the subsequent AC tan delta. 
 
There are some significant differences in these results and those reported, where 
it was observed that the depolarization current did not vary linearly with the applied DC 
voltage [21]. It was also observed that ln(I) vs. ln(t) plots were linear for a degraded 
cable for times between 3 and 10000 s. 
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3.2.3 Tan Delta 
 
Tan delta was monitored during the ageing at operating voltage and also 
measured periodically as a function of voltage using a commercially available 
transformer ratio-arm bridge. For some days after a DC test, (< 4 Uo), the values of tan 
delta at Uo for the wet cable were significantly larger and erratic while the values for 
the dry cable were unaffected and remained very low, as can be seen in Figure 3.6 [9]. 
Less than two days after the second set of DC tests the wet cable failed. The results 
indicate that DC testing affects the subsequent AC behavior of degraded cable. Thus, 
measuring the AC tan delta at U
o
 after applying a moderate DC voltage could prove to 
be a useful diagnostic technique. This is being investigated. 
 
The variation of capacitance and tan delta with applied voltage is shown in 
Figure 3.7. A large increase in tan delta with voltage is evident only for the wet cable. 
This suggests that the difference in tan delta between 2 or 3 Uo and Uo could give an 
assessment of the cable condition. The increase in tan delta with voltage indicates that 
the leakage resistance which represents the conduction loss is not constant but 
decreases with increasing voltage. The capacitance of the wet cable also shows a 
significant voltage coefficient, particular between 4 and 8 kV. 
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Figure 3.5: DC Depolarization Currents for Wet and Dry 5 kV XLPE Cables [9] 
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Figure 6: Tan Delta Vs Time for Wet and Dry 5 kV XLPE Cables [9] 
 
 
Figure 3.7: Capacitance and Tan Delta Vs Voltage Characteristics for Wet and Dry 5 
kV Cables [9] 
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3.2.4 AC Conduction Current 
 
The observation that the leakage resistance of the insulation is voltage 
dependent raises the possibility that the conduction loss may also vary with the 
instantaneous value of the applied AC voltage. This was verified by measuring the 
harmonic content of the loss current component. The results show that the signal for the 
wet cable contains significant odd harmonics. As can be seen in Figure 3.8 the 
amplitudes of the third harmonic are at least an order of magnitude larger than the 
corresponding values for the dry cable. Higher odd harmonics are also greater for the 
wet cable. Thus some measure of the distortion of the conduction current at voltages up 
to 2Uo may be a useful indicator of water tree degradation in medium voltage cables. 
Additional studies must be made on a range of cable sizes to quantify the effect. 
 
 
3.2.5 Low Frequency Measurements 
 
An alternative to 0.1 Hz withstand tests would be to measure the waveshape and 
phase of the conduction current at low frequencies (<0.1 to ~10 Hz) at voltages lower 
than the withstand value, e.g., 52Uo [9]. A specially made high-voltage low-frequency 
power supply has been used to measure the current waveform in water-treed and dried 
cables at different voltages. For the dry cable and applied voltages up to 2Uo, the 
current wave shape was sinusoidal and 90o out of phase with the voltage. For the water-
treed cable, the distortion of the current waveform is listed in Table 3.4. The amplitudes 
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of the harmonics were measured using the FFT feature of a digital oscilloscope. The 
harmonic distortions in the applied voltage, for both the water-treed and dried cables, 
and in the current for the dry cable were similar (10 and 2 5% for the second and third 
harmonics respectively). 
 
There is a higher distortion in the current in the water-treed cable. The distortion 
is greater for 0.1 Hz than at 1.0 Hz and appears to increase with increasing voltage as 
shown in Table 3. 4. 
 
Table 3.4: Harmonic Distortion at 0.1 and 1.0 Hz for Water Treed Cable [9] 
Frequency Applied Voltage Fundamental 
(fo) 
2(fo) 3(fo) 
Hz kV % of fo % of fo % of fo
0.1 2.3 100 10 7.5 
0.1 3.7 100 9.1 15 
0.1 4.6 100 9.9 21 
0.1 6.1 100 16 21 
1.0 1.9 100 10 2.9 
1.0 3.8 100 10 4.5 
1.0 4.5 100 10 4.7 
1.0 5.6 100 9.3 6.1 
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Figure 3.8: Harmonic Component of loss current of Degraded Cable vs. Applied 
Voltage [9] 
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3.3 Conclusion 
 
The ageing mechanisms of extruded insulations operating under wet (usually for 
medium-voltage cables) and dry conditions (for high-voltage cables) have been 
discussed. Diagnostic techniques, both destructive and non-destructive, have also been 
discussed using the possible ageing mechanisms as a basis. 
 
The most often used diagnostic test for full-sized cables is the AC breakdown 
test. This test reveals the potential weak regions in a cable but does not give the general 
state of the insulation system. In common with other diagnostic tests, the breakdown 
test is not able to predict the remaining life. Non-destructive techniques to assess the 
condition of water tree degraded cables have been discussed. In addition to DC leakage 
current and AC tan delta measurements, the instantaneous AC loss current wave shapes 
at 50/60 Hz and lower frequencies appear to be sensitive to tree degradation. An 
evaluation of the ageing mechanisms shows that partial discharges are very important 
for all power cables. Ultimately, partial discharges occur in the failures of the majority 
of cable systems in service. The partial discharges may occur within seconds or may 
persist for several months or even years prior to complete failure.  
 
CHAPTER 4 
 
 
  
 
 
 
 
PRINCIPLES OF TAN DELTA AND CAPACITANCE OF CABLES  
 
 
 
 
 
 
 
 
4.0 Introduction 
 
Loss factor is the total energy that will be used by the equipment during normal 
service. In particular, the insulation loss factor is any energy that is taken by the flow of 
current through the resistive component of the insulation. The earth path varies 
according to the type of electrical equipment. For example, in cable paths can develop 
in the insulation resistance between the cores (conductors) and the screen conductor or 
earth while switchgear will probably develop tracking to earth at right angles to the 
floor connection. In transformer paths can develop in the insulation resistance between 
the windings or between the windings and the housing (tank). In all cases the result is a 
loss factor in the form of the heating. 
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4.1 General Concept of Dissipation Factor (tan δ) 
 
When a sinusoidal voltage is applied across an insulator, the current through the 
insulator leads the voltage by less than 900 because of losses in the insulator. If the 
voltage and current are both sinusoidal, phasor diagram can be depicted as shown in 
Figure 4.10. The loss angle δ is 900 - θ, where θ is the phase angle by which the current 
(I) leads the voltage (V). The loss tangent is tan δ and usually values of δ is very small, 
with the result that; 
 
  δ (in radians) ≈ tan δ ≈ sin δ = cos θ 
 
 
Figure 4.10: Capacitor and phasor diagram, I (current) lead V (voltage) at θ0 and δ is 
loss angle  
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4.1.1 Parallel Model 
 The model an insulator, parallel combination of Rp and Cp can be used to show 
the tan δ phenomena (Figure 4.11). 
 
 
Figure 4.11: Parallel RpCp model equivalent circuit and phasor diagram 
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The parallel model has impedance, Z; 
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4.1.2 Series Model 
 The following is series equivalent model circuit, RsCs (Figure 4.12); 
 
Figure 4.12: Series RsCs model equivalent circuit and phasor diagram 
  
The impedance, Z of parallel model; 
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 This can be rearranged to give; 
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and this is also the impedance of the equivalent series equivalent circuit shown 
in Figure 4.12 if; 
   2221 pp
p
s RC
R
R ω+=      (4.13) 
 and  22
1
pp
ps RC
CC ω+=      (4.14) 
  
For this series equivalent circuit (Figure 4.12), 
  
C
R
V
V=δtan  
s
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IXC
IR
ω
δ
1
tan ==  
       therefore, ss RCωδ =tan       (4.15) 
 
In both of these presentations, the resistive component simulates the effect of 
conductance (motion of charge through the insulator) and the dielectric losses (energy 
losses associated with the polarization mechanism). 
 
 
A Physical Interpretation of tan δ 
 Consider the parallel representation (Figure 4.11). The power dissipated in Rp 
is; 
( ) ppp RVRVVVI 2/ ==     (4.16) 
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 The energy dissipated in one cycle is WR = (V2/Rp)T where T is the duration of 
the cycle. Now, T = 1/f where f is the frequency, and ω = 2πf, so T = 2π/ω, and 
therefore, 
ω
π22
p
R R
VW =       (4.17) 
 
The peak energy stored in Cp is ( )/2 where V  is the peak value of the voltage, 
equal to √2 V. Thus the peak voltage stored is, 
2VˆC p ˆ
2VCW pC =       (4.18) 
Consequently the ratio of  
storedenergypeak
cycleperdissipatedenergy   has the value; 
δπω
π tan212 2
2
==
VCR
V
W
W
ppC
R    (4.19) 
 
 
4.2   Principle Measurement of tan δ  
 
Measurement of capacitance (C) and dissipation factor (tan δ) are often made 
using A.C. bridges. Figure 4.20 shows the general form of A.C. bridge. 
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Figure 4.20: General A.C. bridge circuit 
 
 The bridge circuit is balanced when the detector has zero voltages across it (and 
zero current through it). At balance condition; 
    0=DBV
 therefore,  BCDC VV =
 and   
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4
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4
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Z
Z
Z
Z =  or  3241 ZZZZ =    (4.20) 
 
 Because the Z’s are generally complex components, each of these equations 
requires both real and imaginary parts to be equal. Consequently there are always two 
separate conditions that must be fulfilled foe balance of an A.C. bridge. 
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4.2.1 General Principle of Schering Bridge  
 
 The circuit of the Schering bridge is shown in Figure 4.21. The unknown is 
represented by C and r in series. Thus Z1 = r + 1/jωC, and the unknown has loss 
tangent, tan δ = ωCr. 
 
 C2 is a standard capacitor. Often an air capacitor is used in this position, being 
loss free. To balance the bridge it is necessary to have two variable components. 
Normally one of these is C4 and the other one is either R3 or R4. Balance occurs when 
(refer Figure 4.20), 
Z1Z4 = Z2Z3     (4.21) 
 
that is when, 
( )
2
3
4
4
4
4
1
1
/
Cj
R
Cj
R
Cj
R
Cjr ω
ω
ωω =
+
−   (4.22) 
 
Rearranging and separating into real and imaginary parts gives the balance condition, 
2
4
3 C
CRr =       and    
3
4
2 R
RCC =   (4.23) 
 
Substituting in tan δ = ωCr gives, 
44tan RCωδ =     (4.24) 
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Figure 4.21: Schering Bridge 
 
 
Effect of Losses in C2 
 If C2 has losses, it can be represented as C2 and r2 in series. Therefore 1/(jωC2) 
on the right-hand side of eqn. 4.22 is replaced with (r2 – j/ωC2). This leads to, 
( )( ) 3
4
2244
2
1 R
R
rCRC
CC ωω−=    (4.25) 
 
Now, ωC2r2 = tan δ of the standard capacitor, normally << 1, and ωC4R4 equals to value 
of measured tan δ when r2 = 0, also usually << 1, so that, 
3
4
2 R
RCC ≈      (4.26) 
in accord with the previous result. 
We obtain also, 
4
3
2
44
2 R
R
C
CRrr ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=     (4.27) 
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and consequently,   tan δ = ωCr     (4.28) 
 
Therefore: 
δ
ωωδ
for tan   valueprevious capacitor  standard of tangent loss
tan 4422
+=
+= RCRC
 (4.29) 
 
 Thus the loss tangent of the standard capacitor should be added to the loss 
tangent as measured for a loss-free standard capacitor. Schering bridges are sometimes 
made direct-reading in tan δ on the assumption of a loss-free standard capacitor. This 
analysis indicates how a correction can be made if a loss tangent of the standard 
capacitor has a known value greater than zero. 
 
 Schering bridges are often used in high voltage measurements. The voltages 
across Z1 and Z2 can be several kilovolts, while voltages across Z3 and Z4 (which have 
to be varied by hand for balance) can be kept down to a safe value. 
 
 
4.3   Dissipation Factor (tan δ) of a Cable 
 
Generally, dissipation factor (tan δ) for cables is to be used to describe the 
losses in the dielectric between insulator of cables and cores (conductor of cables). It is 
common to represent the dielectric of a cable by the parallel equivalent circuit shown in 
Figure 4.30. The resistance R describes the lossy part of the dielectric, while C 
represents the lumped-circuit capacitance of the cable. When a voltage V is applied 
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across the cable, the total current flowing in the cable, I, is given by the vector sum of 
the charging current Ic and the leakage current Il;  
  VCj
R
III cl )
1( ω+=+=     (4.30) 
where R is the resistance. The vector relationship in eqn. 4.30 can be depicted by the 
phasor diagram in Figure 4.31. Hence, the dissipation factor tan δ of the dielectric in 
term of Figure 4.31 becomes: 
   
RCI
I
c
l
ωδ
1tan ==         (4.31) 
 There exist a definite relationship between the electrical parameters of the 
equivalent circuit and the dielectric parameters of the cable insulation. The dielectric 
parameters characterizing the cable insulation are the real permittivity ε’, the imaginary 
permittivity ε”, and the conductivity, σ. The value of the cable capacitance C is defined 
as; 
         (4.32) orCC
'ε=
where C0 is the capacitance in vacuum and εr’ is the relative of real permittivity or 
dielectric constant defined by ε’/ε0 and ε0 refers to permittivity value of the vacuum. 
The equation of dielectric constant is defined as below; 
    '0
'
rεεε =
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Figure 4.30: Equivalent lumped-circuit of a cable 
 
 
Figure 4.31: Phasor relationship of charging and leakage currents in cable dielectric 
 
 In analogy with that definition, the imaginary permittivity is introduced to 
describe the lossy part of the dielectric so that eqn. 4.30 may be expressed by; 
         (4.33) VCjI r 0
*ωε=
where εr* is the complex value of the relative permittivity and is by definition 
    '''* rrr jεεε −=
where εr” is the relative value of the imaginary permittivity given by ε’/ε0, so that the 
total current assumes the form, 
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    (4.34) VCjVCVCjI rrrr 0
'''
0
''
0
' )( ωεωεωεωε +=+=
in term of dielectric parameters, the dissipation factor (tan δ) becomes; 
  '
''
'
''
tan
r
r
ε
ε
ε
εδ ==       (4.35) 
Normally the imaginary permittivity ε”, referred to occasionally as the loss factor and 
cannot be directly measured, instead the dielectric conductivity σ is measured.  
 
 Ionic mobility in solid insulation such as PE and XLPE is greatly reduced and 
consequently the tan δ values of insulation are very small. Indeed values of tan δ < 10-4 
suggest that the minuscule detectable losses may be caused by an electronic 
mechanism, since the conductivity is considerably less influenced by temperature than 
in the case of oil-impregnated insulation.  
 
 In most insulating systems, the tan δ value exhibits an increase with the applied 
voltage. This is caused by the fact that a rising applied field increasingly segregates the 
oppositely charged ions, thus preventing their possible recombination. However tan δ 
may also fall with the field due to interfacial polarization effects as ionic charge 
becomes trapped or piled-up at dielectric interfaces having unequal conductivities (σ) 
and real permittivity (ε’). The space charge process represents a complex mechanism 
whose behavior cannot be readily analyzed. Particular cases of the space charge or 
interfacial polarization processes are often referred to as the Garton effects. These 
mechanisms occur within the oil-filled pores or kraft paper insulation, as the ionic 
motions become limited by the boundaries of the pores. This manifests itself in a 
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decrease of tan δ with the field. Cables that are characterized by a marked fall of tan δ 
with voltage are as suspect as those exhibiting a marked increase of tan δ with voltage. 
In both case, serious ion contamination or moisture content effects are implicated. 
 
 The power dissipated, P, in the cable insulation as a result of the dielectric loss 
is given by,  
        (4.36) δω tan2CVP =
 
where V is the root-mean-square (rms) value of the applied voltage, ω is the frequency 
term in radians and P the power loss in watts. Since the dielectric power loss, P, is 
directly proportional to the dissipation factor where it is important that the value of tan 
δ be small, otherwise this will be not only lead to an unnecessary power loss but also to 
thermal instability of the cable due to dielectric heating. Furthermore, since the power 
loss increases with the square of the applied voltage, the seemingly sufficiently low tan 
δ value of 0.002 for oil-paper system becomes too high to be tolerated at very high 
voltages. Hence the search for low-loss solid-liquid combination for voltages above 
500kV and the use of low dielectric loss PE and XLPE insulation up to and including 
500kV. The dielectric loss in medium voltage cable is normally very small compared 
the I2R loss in the conductor. This loss is consequence of the in-phase components of 
current and voltage in the dielectric as shown in Figures 4.30 and 4.31. The dielectric 
power loss P in a cable dielectric having a capacitance C is given by: 
 
    (4.37) )tan(tancos 2 δωδθ CVIVIVP =≈=
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where C is the cable capacitance and V is the operating voltage of the insulation. Eqn. 
4.37 shows that the bracketed part is dependent on the cable insulation while the 
unbracketed part is dependent on the square of the applied voltage. Polyethylene and 
XLPE are essentially nonpolar materials. All nonpolar dielectrics have a very low value 
of tan δ and a dielectric constant (SIC or εr’) of about 2.3 as a consequence of the 
molecular structure of the material. Tan δ of polyethylene and XLPE is about 0.05% at 
operating temperatures [1].  
 
 
4.4   Bridge Techniques for the Measurement of tan δ of Cable 
 
The tan δ value of cables is often obtained by means of a Schering Bridge, 
which was developed in the year 1920s by Schering and his associates at Berlin. 
Thereafter, it quickly became the standard bridge for measuring capacitance and 
dielectric loss on cable at power frequencies at low and high voltages. Prior to this time 
these measurement were performed using Wien bridge, the Wien bridge because of its 
frequency sensitivity continued to serve for some time as a frequency measuring device 
until it ultimately was replaced even in this area of end over by electronic frequency 
counters.  
 
The basic Schering bridge circuit is depicted in Figure 4.40. Here Cs represents 
a standard capacitor having negligibly small losses, the series equivalent circuit of R’ 
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and C represents the specimen while R3, R4 and C4 are balancing elements of the 
bridge. T bridge balance the voltage drop across Cs both in phase and magnitude equals 
that across   the specimen as the voltage across the null detector is reduced to zero. 
Thus at balance, the product of the impedance terms of the opposite arms must be equal 
and shown in following equation, 
    43 ZZZZ s =   or 
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 (4.40) 
Equating the real and imaginary terms, the capacitance of the specimen is obtained as, 
   
3
4
R
CRC s=        (4.41) 
and the equivalent series resistance as 
   
sC
CRR 43' =       (4.42) 
so that the dissipation factor for the series equivalent circuit of the cable insulation is 
given by 
       (4.43) 44
'tan CRCR ωωδ ==
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Figure 4.40: Basic Schering bridge circuit 
 
 From Figure 4.40, it can be perceived that the Schering bridge views the 
dielectric in terms of a series equivalent circuit. Consequently, the expressions for tan δ 
in eqn. 4.43 reflects this fact and differs form that of eqn. 4.31. In the literature, the use 
of the parallel equivalent circuit is prevalent, since most workers prefer the concepts of 
a dielectric as having a large resistance shunted by the capacitance. The values of the 
capacitances in the two respective circuits are equal. It is perhaps importance at this 
juncture to delineate the equivalence between the two opposing concepts. The condition 
of equivalent between the two circuits requires that the admittances of the two 
equivalent circuits of the dielectric specimen be equal. The admittance Y of the parallel 
circuit is obtained from eqn. 4.30 and eqn. 4.34 as 
   
0
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       (4.44) 
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Note that the resistance R of the parallel equivalent circuit must be distinguished from 
that of R’ of the series equivalent circuit since R >> R’. For the series circuit, the 
admittance is the inverse of series impedance Z, which is given by 
   
Cj
R
I
VZ
ω
1' +=
=
     (4.45) 
From eqn. 4.44 and eqn. 4.45, the equivalence condition implies that 
   
Cj
RCj rr ωωωε
1)( '0
''' +=+     (4.46) 
Rearrangement eqn. 4.46 yields 
   ( )[ ]2'0
2'
''
1 CRC
CR
r ω
ωε +=  
and 
   ( )[ ]2'0' 1 CRC Cr ωε −=  
thus, 
   CR
r
'
'
''
tan ωε
εδ ==      (4.47) 
 
The result in eqn. 4.44 is identical in form to that of the bridge balance 
condition given in eqn. 4.43. It is well reemphasize once more here that the small 
resistance value of R’ in eqn. 4.45 and 4.57 for the series circuit should not be confused 
with the very much larger value of R in the parallel equivalent circuit, appearing in eqn. 
4.31 and 4.44. 
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 The simple circuit given in Figure 4.40 for a Schering bridge is suitable only for 
measurements on short lengths of cable having low-capacitance values. There many 
types of bridge where is upgraded depends on cases of tan δ measurement. There are 
many types of Schering bridge for tan δ measurement purposes, some of them are 
Shielded Schering bridge for precision measurement, Schering bridge modification, 
Schering bridge with active shield, Current comparator and Microcomputer-controlled 
automated transformer ratio arm bridge [1]. 
 
 
4.5  Capacitance of Underground Cables Insulation 
 
Let consider basic principle of capacitor design. Figure 4.50 shows the basic 
principle of capacitor design where consist of two discs with any dielectric as a 
medium. From this simple disc capacitor, eqn. 4.50 is derived. 
    
    
d
AC ×= ε   Farad   4.50 
 
Figure 4.50: Disc Capacitor 
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 Where,  A = electrode face 
   d = distance between the electrodes 
   C = capacitance 
   εo = dielectric constant of air (εo = 8.8542 × 10-12 F/m) 
   εr = relative dielectric constant dependent upon material 
   ε = εo × εr , dielectric constant 
   
From Figure 4.50, resistance of the insulation material (dielectric) is infinitely 
large. That means, when AC voltage is applied the current leads the voltage by exactly 
900 as it flows as pure current. This characteristic is appearing in an ideal capacitor. 
 
For underground cables, arrangement of cable with capacitance is shown in 
Figure 4.51. Formula to find the value of capacitance in Farad per meter (F/m) of 
underground cable [1] is:  
   
r
R
C ro
ln
2 επε=     F/m    (4.51) 
 
where R is radius of cable to earthed cable sheath measured from center of conductor 
(distance from center of conductor to earthed sheath), r is radius of conductor εo = 
dielectric constant of air (εo = 8.8542 × 10-12 F/m) and εr = relative dielectric constant 
dependent upon material. 
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Figure 4.51: Capacitance arrangement of underground cable 
 
 
If a pure capacitance without losses is considered and voltage is applied, the 
phasor diagram of an ideal capacitor is shown in Figure 4.52 (a) meanwhile a capacitor 
with a lossy dielectric are shown in Figure 4.52 (b). Figure 4.52 (a) shows that there are 
no losses appear if a pure capacitor characteristic is obtained. If capacitor with a lossy 
dielectric characteristic is considered at a cable systems, power losses at cable 
insulations (dielectric) will be introduced and when this cable is operates at service, 
heat from conductor is one of the aging mechanisms [1,9]. An introduced of heat 
(thermal) in conductor, aging of insulator will be accelerated and can cause 
strengthened and quality of insulation (dielectric) is deteriorated. Therefore, lossy 
component in cable insulation need to be considered if any evaluation of cable 
insulation is performs. 
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Figure 4.52: Capacitor phasor diagrams 
 
 
4.6  Conclusion 
 
In this chapter, the tan δ and capacitance principle of underground cable is 
explained. The technique of tan δ and capacitance measurement for underground cable 
by using Schering bridge is explained as general. It is because, nowadays, tan δ 
measurement for any equipment is using microprocessor which is more accurate and 
more suitable in field measurement. The relationship of dielectric loss in medium 
voltage of underground cable with tan δ and capacitance parameter is also described.     
 
 
 
CHAPTER 5 
 
 
 
 
 
 
METHODOLOGY 
 
 
 
 
 
 
 
 
5.0 Introduction 
  
The research methodology for this study is focus on measurement of tan δ and 
capacitance of aged XLPE cable insulations. Measurement of dissipation factor (tan δ) 
and capacitance parameters of XLPE underground cable in service is one of the suitable 
techniques can be used to evaluate and investigate the behaviors and performances of 
underground XLPE cables. For this study, Tettex Instruments – Schering Bridge Model 
2816 has been used for tan δ and capacitance parameters measurement. All sample This 
chapter will explain the methodology of this study.  
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The sequences of methods to analyze the performance of underground XLPE 
cables in service are listed as follows:  
 
1. Literature study about underground XLPE distribution cables system in 
Malaysia environment.  
2. Study the breakdown condition occurs in service of XLPE cables and main 
factor that causes underground cable breakdown. 
3. Identify the aging mechanisms that can affect XLPE cables performance in 
service. 
4. Get co-operation with TNBD in order to obtain data and specification of 
underground XLPE cables.  
5. Obtain Very Low Frequency (VLF) test data for underground XLPE cables in 
service from TNBD Johor bahru and analyze cables performance in service in 
term of frequently breakdown occurs in service.  
6. Obtain sample of XLPE cables from service from TNBD Johor Bahru and 
Kulai.  
7. Perform measurements of tan δ and capacitance of XLPE cables in service by 
using Tettex Instruments – Schering Bridge Model 2816. All tan δ and 
capacitance data from sample of XLPE cables are recorded for analysis 
purposes. 
8. All tan δ and capacitance data from sample of XLPE cables in service from this 
measurement is analyzed.  Form those data, performances of XLPE cable in 
service can be determined and evaluated. 
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5.1 Measurement Setup 
 
These measurements are carried out to determine the capacitance and 
dissipation factor (tan δ) of the aged and breakdown XLPE cables. The measurements 
were all performed at frequency 50 Hz using a Tettex Instruments – Schering Bridge 
Model 2816 (Appendix A) with automatic guard potential regulator. All samples of 
cables are taken from service; some of XLPE cables are already breakdown, and some 
others cables are not yet breakdown. Before the test is performs, the room temperature 
was recorded at 26.6°C (ambient temperature) while pressure was at 1000.0 mbar. The 
dissipation factor (tan δ) and capacitance as a function of U test voltage was measures 
on the several sample of  cables. To avoid termination and flashover problems, the 
maximum measuring voltage was in this case limited to 10 kV. Cables with several 
lengths (minimum length is 1.3 meters and maximum length is 4.2 meters) are obtained 
in ten samples from TNBD Johor Bahru and TNBD Kulai. From these ten samples of 
cables, three cables are single core and the others are three cores (seven cables are 3-
cores). About the voltage rated, only one sample cable is 22kV and the others are 11kV 
(refer Table 5.1).  
 
Tests were performs by injecting of U test voltage to the XLPE underground 
cables starting with 2 kV then add to 2kV more until 10kV. So that, five readings are 
obtains in one set measurement. To determine the accurate of capacitance and 
dissipation factor (tan δ) for the underground XLPE cables, the XLPE cables were 
injected by 20 times with U test voltage between core conductor and screen conductor 
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(Figures 5.10 and 5.11). Every set measurement was injected by 20 times of U test 
voltage and final reading form every measurement is obtained from average of 20 times 
reading. The values of dissipation factor (tan δ) and capacitance readings are displayed 
on the Tettex Instruments – Schering Bridge Model 2816 seven-segment screen and 
printed as a hard copy. Table 5.10 shows the related values for the several samples of 
cable. 
 
 
Table 5.10: Related data of underground XLPE cable samples 
Cable 
Samples 
Voltage 
Rated 
No. of 
Core 
Core 
Type Size Length 
In 
service 
Types of 
Soil Place 
- (kV) - - (mm)2 (m) (years) - - 
Cable 1 11 single Aluminum 150 1.3 min. 5 embankment Kulai 
Cable 2 22 single Aluminum 500 2.0 6 - 8 embankment Johor Bahru 
Cable 3 11 3 cores Aluminum 150 2.0 6 - 8 embankment Johor Bahru 
Cable 4 11 3 cores Aluminum 240 2.5 6 - 8 embankment Johor Bahru 
Cable 5 11 single Cuprum 500 2.4 min. 5 embankment Kulai 
Cable 6 11 3 cores Aluminum 240 1.6 min. 5 embankment Kulai 
Cable 7 11 3 cores Aluminum 150 4.2 min. 5 embankment Kulai 
Cable 8 11 3 cores Aluminum 240 2.2 min. 5 embankment Kulai 
Cable 9 11 3 cores Aluminum 240 1.5 min. 5 embankment Kulai 
Cable 10 11 3 cores Aluminum 150 1.4 min. 5 embankment Kulai 
Cable 11 11 3 cores Aluminum 240 1.4 min. 5 embankment Kulai 
Cable 12 11 3 cores Aluminum 150 2.4 unaged - Kulai 
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Figure 5.10: Measurement Setup for single core XLPE cables 
 
 
Figure 5.11: Measurement Setup for three cores XLPE cables 
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5.2 Data from Measurement 
 
All data from these measurements are printed in hard copy from Tettex 
Instruments – Schering Bridge Model 2816. Those data are transforms in table forms 
and those tables are arranged follows by type of cable core and rated voltage of XLPE 
cables (Appendix B). 
 
 
5.3 Conclusion 
 
All measurement for all samples of cables were done and the way to perform all 
measurement is follows with IEC standard Publication 502 regulations.  
 
CHAPTER 6 
 
 
 
 
 
 
RESULTS, ANALYSIS AND DISCUSSIONS 
 
 
 
 
 
 
 
 
6.0 Introduction 
  
Measurement of dissipation factor (tan δ) and capacitance parameters of 
underground XLPE cables in service is one of the suitable technique can be used to 
evaluate and investigate the behavior and performance of underground XLPE cables. 
For this study, Tettex Instruments – Schering Bridge Model 2816 has been used in 
order to obtain tan δ and capacitance data from several sample of cables. 
 
 
6.1   Tan δ Analysis and Discussion 
 
After all measurements are completed, all related data are assembled in several 
tables (Appendix B). According to IEC Standard Publication 502, 1978, the maximum 
value of tan δ (dissipation factor) at ambient temperature is 40 × 10-4 or 0.004 at Uo, 
where Uo is the rated power-frequency voltage between conductor and earth or metallic 
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screen for which the cable is designs [19]. For safety purpose, maximum value of U test 
voltage is considered only at 10kV even though the rated voltages for XLPE cable 
samples are 11 kV and 22 kV. In these measurements, tan δ value of standard 
capacitance at Schering Bridge is assumed as zero. 
 
If the pure capacitance without losses is considered, the phasor diagram of an 
ideal capacitor and a capacitor with a lossy dielectric are shown in Figure 6.10. Figure 
6.10 shows that there are no losses appear if a pure capacitor characteristic is obtained. 
Because of lossy dielectric characteristic, the power losses will be introduced and heat 
from conductor is one of the aging mechanisms [1,9]. An introduced of heat (thermal) 
in conductor, aging of insulator will be accelerated and can cause strength of 
capacitance deteriorated. Nevertheless, in real situation, the lossy component in 
capacitor (insulation) will be appeared and should be considered because that 
component can cause capacitor lack of their strength. 
 
 
Figure 6.10: Capacitor phasor diagrams 
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 These measurements show the real situation of lossy component of cables 
insulator. Results of these measurements show that some of tan δ (dissipation factor) 
data of 12 cable samples are greater than value that referred to the maximum standard 
value of tan δ [19] at half of operating rated voltage (3.5 kV from 11 kV of 3-phases 
line). In general, Graph 6.10 show situation of accepted value of tan δ without included 
corona effects. The ranges of accepted values of tan δ only considered at half of 
operating rated voltage where the value is 3.5 kV from 11 kV of 3-phases line and 
maximum tan δ is 0.004 that referred from IEC standard at ambient temperature [19]. 
 
According to TNBD, minimum duration in service every sample of cables is 
around five years. In these measurements, the maximum of tan δ value is 0.0189 from 
cable 8 – red core at 3.5kV of U test voltage. Meanwhile, the minimum value of tan δ is 
0.0002, came from cable 12 – red and blue cores at 3.5kV of U test voltage. The values 
of tan δ from nine samples of cables are greater than from standard value of tan δ. In 
these cases, only some phases from 3-cores cables, the values of tan δ are greater than 
from standard, meanwhile the rests are in accepted ranges. From all sample of cables, 
only three samples of cables, the values of tan δ are in accepted ranges if compared 
from standard. This situation can be observed that the tan δ value of XLPE cables 
cannot be maintained under limitation value of  IEC standard of tan δ once the XLPE 
cables is used in service in certain duration. These situations are influenced by many 
factors. There are several factors can affect the performance of underground cables. 
Those factors are thermal, electrical, environmental, and mechanical. All these factors 
are known as ageing mechanisms [9]. 
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(b) 
Graph 6.10: tan δ against U test voltage for twelve samples of XLPE cables,     
a) Included corona effects, b) Excluded corona effects 
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Let considers the three cores of XLPE cable for cables 3, 4, and 11. From 
Graphs 6.11, 6.12 and 6.15, at initial of U test voltage 2kV, the values of tan δ are 
below 0.004, except for cable 3 – blue core, cable 4 – red core and cable 11 – red core, 
the values of tan δ are greater than 0.004 at 3.5kV of U test voltage. The rest cores are 
below 0.004 of tan δ values. This condition can be observed, even though in one three 
cores cable, the values of tan δ can be differenced from each core. However, all the 
values of tan δ are not much increased as compared to standard value from IEC, 0.004 
[19]. 
For cables 1, 5, 6, 7 and 10 (Graphs 6.17, 6.13, 6.14 and 6.16), the values of tan 
δ for each core are greater than 0.004 at 3.5kV of U test voltage. Although at initial of 
U test voltage 2kV, red and blue cores of cable 6 and for cable 7 – blue and yellow 
cores are below 0.004. The rest cores for cables 6, 7 and 10, the values of tan δ are 
greater than 0.004 at initial of U test voltage 2kV and followed by single core cables for 
cables 1 and 5 are also greater than 0.004 of tan δ at 2kV – 3.5kV of U test voltage. 
This condition is worse than cables 3, 4, and 11. The values of tan δ are much 
difference as compared from standard value and these conditions because of aging 
mechanisms strength influenced to each cores are difference. However, these values of 
tan δ cannot cause cables system breakdown in service.  
 
This situation shows that after aging time, the tan δ value will be different even 
though low of U test voltage (2 kV) is applied. The value of tan δ is high when content 
of moisture inside the cable system is high and water-treeing phenomena will occurs 
inside XLPE insulator. It is because water treeing is considered the most serious ageing 
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problems of polymeric insulated power cables in humid environment [21,22,23,24]. 
The XLPE cable is become lack of performance if this situation is allows in service and 
for certain duration, the cable system will be breakdown.  
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Graph 6.11: tan δ against U test voltage for cable 3 
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Graph 6.12: tan δ against U test voltage for cable 4 
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Graph 6.13: tan δ against U test voltage for cable 6 
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Graph 6.14: tan δ against U test voltage for cable 7 cable 
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Graph 6.15: tan δ against U test voltage for cable 11 
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Graph 6.16: tan δ against U test voltage for cable 10 
tan delta vs. U test voltage
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Graph 6.17: tan δ against U test voltage for cable 1, 2 and 5 
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For cable 8 – red core (Graph 6.18) shows the highest of tan δ value for these 
measurements. The value of tan δ is 0.0189 at 3.5 kV of U test voltage and almost 5 
times from standard maximum value of tan δ [19]. All three cores of cable 8 are already 
greater than 0.004 at initial 2kV until 3.5kV of U test voltage. This shows cable 8 – red 
core highly affected by aging mechanisms during in service. In this case, according 
TNBD, most cables system breakdown are located at very high moisture at 
surrounding. So that, can be concluded that the main factor that cable system 
breakdown in service by moisture enter inside cables system. In worse cases, water-
treeing phenomena can be occurred in cable system and can lead breakdown during 
service. 
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Graph 6.18: tan δ against U test voltage for cable 8 
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In these measurements, one of cable sample is unaged cable (cable 12) and 
according to TNBD, that cable is kept at cable yard. Graph 6.19 shows the pattern of 
tan δ value against U test voltage of unaged cable. From these measurements, cable 12 
shows the lowest value of tan δ, 0.0002 and this value is far away as compared to 
standard value of tan δ [19]. This situation shows the best condition performance of 
cable system. Unfortunately, because of aging mechanisms influencing, tan δ will be 
increased proportional with aging time and this can caused performance of cables in 
service is deteriorated.  
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Graph 6.19: tan δ against U test voltage for cables 12 
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These measurements only considered from ranges 2kV until 3.5kV of U test 
voltage. It is because, without proper termination corona effects occurred after 4kV of 
U test voltage (Graph 6.10 (a)). Because of this reasons, the operating rated voltage of 3 
phases of 11kV cables is considered at 6.35 kV and from this value, only the ranges of 
2kV until 3.5kV of U test voltage are considered for analysis purposes. 
 
From these tan δ analyses and discussions, the higher value of tan δ, the higher 
possibility to cable system breakdown. Previous study shows, in the case of XLPE 
power cables, one of the major problems is deterioration of cable insulation by water 
treeing in humid environment [21,22,23,24]. After cable in service, the value of tan δ 
will be different even though initial value of U test voltage (2 kV) is applied. The value 
of tan δ will be increased when U test voltage is increased. It is because in most 
insulating systems the tan δ value exhibits an increase with the applied voltage. This 
situation is caused by the fact that a rising applied field increasingly segregates the 
oppositely charged ions, thus preventing their possible recombination [1]. However, for 
unaged cable (cable 12), the increasing of tan δ value against U test voltage is smooth 
and show small value of tan δ at 3.5kV of U test voltage.  
 
The results from these measurements shows, only two samples of cables 
indicate the values of tan δ below 0.004 at 3.5kV of U test voltage. Meanwhile, the rest 
sample of cables, the values of tan δ are greater than standard value of tan δ, 0.004 at 
ambient temperature. In general, cable system in Johor Bahru and Kulai districts area 
are poor because many breakdowns occurred during operation within 10 years duration 
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in service. This can be proved by Very Low Frequency (VLF) test data where are 
obtained from TNBD Johor Bahru, from June 2000 to January 2004, 32 cable system 
failed from 285 VLF test. 
 
 
6.2   Capacitance Analysis and Discussion 
 
Graph 6.20 show the values of capacitance are almost constant against U test 
voltage but different level value for several samples of cables. The comparison value of 
capacitances of cable samples between measurement and calculation are shown in 
Table C (Appendix C). The value of capacitances (pF/m) from measurement is lower 
than calculation. From calculation, the value of capacitance is considered completely at 
unaged condition of cables where the value of tan δ is 0.004, εr is 2.4 [1] and V rms is 
rated voltage at cables is considered. Meanwhile from measurement, the value of 
capacitances is considered at aged cables after sometimes in service. These situation 
shows that, the dielectric strength of insulation is deteriorated after sometimes in 
service. The main factor of this situation because of dielectric constant (εr) of XLPE 
material is contaminated and not pure anymore and these situation caused by aging 
mechanisms. 
 
By referring Table C (Appendix C), when power dissipation in mW/m is 
calculated by using eqn. 4.36 and values of C is calculated by eqn. 4.51 and tan δ value 
is based on IEC 502 standard, indicates that power dissipation is obtained by 
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calculation is lower than measured values. Those values from measurements indicate 
that power dissipation becomes high for aged cables or cable after sometime in service. 
Study have been done by [9,20] shows that, voids, contaminants and protrusions in 
XLPE insulator cables are defects which greatly affect the insulating properties of those 
insulator of cables. 
 
Graph 6.20 shows that capacitance values in XLPE insulator cable is influenced 
by U test voltage. Some of cable samples, the capacitance values were increased when 
U test voltage is step up and some other sample cables the capacitance values were 
decreased when U test voltage is step up. Even though the difference is not critical (in 
pF), this situation can shows that the dielectric is contaminated by foreign materials. In 
the same reasons, voids, contaminants and protrusions in XLPE insulator cables are 
defects that greatly affect the insulating properties of those cables [20]. By referring 
Graph 6.20, the maximum value of capacitance is 1541 pF from cable 7 – red core and 
the minimum value capacitance is 459.5 pF from cable 9 – blue core.  
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capacitance vs. U test voltage
400
600
800
1000
1200
1400
1600
1 3 5 7 9 11
U test voltage (kV)
ca
pa
ci
ta
nc
e 
(p
F)
cable 5
cable 2
cable1
Cable 3 red
Cable 3 Yellow
Cable 3 blue
Cable 4 red
Cable 4 yellow
Cable 4 blue
Cable 6 red
Cable 6 yellow
Cable 6 blue
Cable 7 red
Cable 7 yellow
Cable 7 blue
Cable 8 red
Cable 8 yellow
Cable 8 blue
Cable 9 red
Cable 9 yellow
Cable 9 blue
Cable 10 red
Cable 11 red
Cable 11 yellow
Cable 11 blue
Cable 12 red
Cable 12 yellow
Cable 12 blue
 
Graph 6.20: capacitance against U test voltage for twelve samples of XLPE cables 
 
 
Let consider the single core XLPE cables for cables 1, 2 and 5 (Graph 6.21) and 
three core XLPE cables for cables 7 (Graph 6.22). Cables 1, 2 and 5 (Graph 6.21) 
shows that the values of capacitance are almost constant but those values are different 
from each others. The rated voltage of cable 2 is 22 kV and carries capacitance values 
in the ranges from 759.6 pF to 764.2 pF at ranges of U test voltages from 2 kV to 10 
kV. Meanwhile for cables 1 and 5, the ranges of different values are very small and 
almost constant along of U test voltage ranges from 2kV to 10kV. For cable 7 (Graph 
 
 84
6.22), the capacitance values for Red, Yellow and Blue cores are also almost constant 
along of U test voltage ranges from 2kV to 10kV. This observation show that, for 
cables 1,2, 5 and 7 the capacitance values are considered constant against U test voltage 
but in different level of capacitances value. The difference values of capacitance 
between phases are too small at ranges of U test voltage from 2 kV to 10 kV. 
 
For unaged cable sample (cable 12) (Graph 6.23), the value of capacitances are 
not at the same level values but increased against U test of voltage at different level 
values. This situation indicates that capacitance values of cable insulator are influenced 
by voltage applied. Therefore, this situation can be explained as follows; from 
calculation, the value of capacitance should be constant at one level but in reality, the 
capacitance value of cable systems is not constant and influenced by voltage applied 
but very little.  
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capacitance vs. U test voltage
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Graph 6.21: capacitance against U test voltage for cables 1,2 and 5 
capacitance vs. U test voltage
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Graph 6.22: capacitance against U test voltage for cable 7 
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capacitance vs. U test voltage
645
650
655
660
665
670
675
680
685
1 2 3 4 5 6 7 8 9 10 11
U test voltage (kV)
ca
pa
ci
ta
nc
e 
(p
F)
red
yellow
blue
 
 Graph 6.23: capacitance against U test voltage for cable 12 
 
 
For cable 9 (Graph 6.24), the capacitance value of Blue core is declined from 
492.5 pF to 459.5 pF at 2 kV to 10 kV of U test voltage meanwhile Red and Yellow 
cores are increased. If the capacitance value is become decreased, it shows that the 
strength of dielectric is also become deteriorated. If this phenomena is occurs 
continuously, the value of capacitance will nearly zero (too small) and can causing 
value of tan δ high, so that the cable system will be breakdown when high voltage is 
applied. Let consider the following situation: 
 
   
RCωδ
1tan =      (6.22) 
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 Let, R = 100 × 106 Ω, C = 1000 pF and f = 50 Hz, 
   0318.0tan 1000 =pFδ  
  
Let, R = 100 × 106 Ω, C = 500 pF and f = 50 Hz, 
0637.0tan 500 =pFδ  
 
 
Result from above calculations show, if the value of capacitance, C decreased at 
certain level (too small), the value of tan δ will be high and in worse case, the cable 
system will be breakdown if high voltage is applied. From this observation, for same 
value of R, if the value of capacitance is low, the value of tan δ will be high and instead 
of if the value of capacitance is high the value of tan δ is low. From tan δ analysis 
above, if the value of tan δ is become high and higher, at certain levels the cable system 
will be breakdown. From previous researches, if tan δ is high, content of moistures 
inside cable system also high and can cause water-treeing phenomena occurs 
[22,23,24]. Therefore, if the value of R is fixed and a capacitance value, C is decreased 
in certain level (too small), moisture contents inside the cable system is high, because 
of this condition the dielectric strength of cable insulation is become deteriorated. 
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capacitance vs. U test voltage
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Graph 6.24: capacitance against U test voltage for cable 9 
  
 
For cables 3, 4 and 6 (Graphs 6.25, 6.26, 6.27), the capacitance values of Red, 
Yellow and Blue cores are increased in certain level when U test voltage is increased. 
The pattern of capacitance values against U test voltage of cables 3, 4 and 6 are similar.  
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Graph 6.25: capacitance against U test voltage for cable 3 
capacitances vs. U test voltage
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Graph 6.26: capacitance against U test voltage for cable 4 
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capacitance vs. U test voltage
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Graph 6.27: capacitance against U test voltage for cable 6 
  
 
Form these capacitance analyses and discussions, an ideal case; the value of 
capacitance of cable should be constant. However, in these measurements the values of 
capacitance are not constant when U test voltages are varying from low to high. This 
situation can be justified, because voids, contaminants and protrusions in XLPE cables 
are defects that greatly affect the insulating properties of those cables [20]. From Table 
C (Appendix C) shows that, power loss from measurements are influenced by 
capacitance and tan δ values. Therefore, that, if capacitance and tan δ values are high 
can cause power dissipation high. 
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6.3   Power Loss in XLPE Insulator Cables for Medium Voltage 
 
The dielectric loss (power dissipation) in medium voltage cable is normally very 
small compared the I2R loss in the conductor [1]. The power dissipated, P, in cable 
insulation because of dielectric loss is refer to eqn. 4.36 and is given by 
 
   )tan(tancos 2 δωδθ CVIVIVP =≈=
∴  Watt   (6.30) δω tan2CVP =
 
where C is the capacitance of cable insulator and V is the operating voltage in rms of 
cables. XLPE insulator is essentially non-polar material. All non-polar dielectrics has 
very low value of tan δ and a dielectric constant (εr) of about 2.4 [1] because of the 
molecular structure of the material. Figure 6.30 shows an equivalent circuit of cable and 
phasor diagram for apparent power (S), real power (P) and reactive power (Q) relations. 
 
 
Figure 6.30: Equivalent circuit of a cable and phasor for apparent power (S),  
real power (P) and reactive power (Q) relations 
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From Figure 6.30, because of P = Q tan δ [Watt], the losses which are 
proportional to tan δ, will usually be given as a value of tan δ to express the quality of 
an insulation material. Therefore, the angle δ is described as a loss angle and tan δ as 
loss factor. Another relationship between the various types of power can be clarified in 
the following equations by referring Figure 6.30. 
 
Apparent Power :   S = VI  [VA]  (6.31) 
Real Power :   P = VI cos θ [Watt]  (6.32) 
Reactive power :   Q = VI sin θ [var]  (6.33) 
 
Because most of insulated objects are not pure resistance and therefore have a 
phase angle θ between the test voltage and current, this phase shift must also be taken 
into consideration in the power calculation. In order to show the relations between real 
power (power dissipated by insulation) and tan δ, eqn. 6.30 is most suitable equation to 
use in order to calculate the power dissipation, P, in the cable insulation as a result of 
the dielectric loss. 
 
Power dissipated by XLPE insulation is compared between measurement and 
calculation by using eqn. 6.30. From these observations, there are no much difference 
values of power dissipation between measurement and calculation techniques. In these 
measurements, the values of power dissipation from all samples of cable are very small 
(all in mW). The maximum value of power dissipated by cable insulation is 1845.3 mW 
(from measurement) at 10 kV of U test voltage from cable 7 – red core. Meanwhile the 
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minimum value is 93.69 mW (from measurement) at 10 kV of U test voltage from 
cable 9 – blue core. 
 
So that, the difference values of power dissipation (mW) between measurement 
and calculation are very small and approximately same. The values of power 
dissipation of cable insulator are influenced by tan δ and capacitance values. 
 
 
6.4   Conclusion 
 
The analyses and discussions for tan δ and capacitance parameters has been 
explained and evaluated. These two parameters can be used to evaluate the performance 
and behavior of underground XLPE cables for medium voltage in service.  
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APPENDIX A 
 
 
 
 
 
 
 
Figure A: Tettex Instruments – Schering Bridge Model 2816 with automatic guard 
potential regulator 
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APPENDIX B 
 
 
 
Data form tables below are taken from each sample of cables. All data are measured by 
using Tettex Instrument – Schering Bridge Model 2816 
 
 
Table B: Data of cable samples from measurements  
 
Cable 1: 11kV, single core (Al), 150mmsqd, 1.3m 
 
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0095 636.6 0.401 0.004 7.605 
4 0.0118 639.1 0.804 0.01 38.09 
6 0.0194 649.1 1.22 0.024 142.3 
8 0.0198 650.4 1.64 0.032 260 
10 0.0203 651.3 2.05 0.042 415.4 
 
 
Cable 2: 22kV, single core (Al), 500mmsqd, 2m, 
 
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0013 759.6 0.48 0.001 1.257 
4 0.0022 760.2 0.96 0.002 8.611 
6 0.0037 761.3 1.44 0.005 31.78 
8 0.0049 762.7 1.92 0.009 74.63 
10 0.0061 764.2 2.42 0.015 147.2 
 
 
Cable 5: 11kV, single core (CU), 500mmsqd, 2.4m 
 
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0049 1180 0.746 0.004 7.409 
4 0.0073 1181 1.49 0.011 43.25 
6 0.0113 1184 2.24 0.025 151.9 
8 0.0154 1187 2.99 0.046 370.6 
10 0.0174 1190 3.76 0.065 655.9 
 
 
Cable 10: 11kV, 3 cores (Al), 150mmsqd, 1.4m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0081 488 0.308 0.002 4.997 
4 0.0127 491.3 0.618 0.008 31.35 
6 0.0352 489.9 0.924 0.032 192.6 
8 0.0506 489.3 1.23 0.062 498.4 
10  
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Cable 3: 11kV, 3 cores (Al), 150mmsqd, 2m, 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0008 698.7 0.439 0 0.687 
4 0.0008 698.7 0.88 0.001 2.854 
6 0.0019 699.2 1.32 0.003 15.1 
8 0.004 700.5 1.76 0.007 56.24 
10 0.0051 701.3 2.21 0.011 114 
Yellow       
2 0.0005 718.6 0.452 0 0.463 
4 0.0011 718.7 0.904 0.001 4.126 
6 0.0053 719.7 1.36 0.007 42.82 
8 0.0091 721.4 1.82 0.017 132.7 
10 0.011 722.7 2.28 0.025 252 
Blue       
2 0.0006 709.1 0.445 0 0.506 
4 0.0052 710.3 0.9 0.005 18.95 
6 0.0092 712.6 1.35 0.012 74.77 
8 0.0163 713.9 1.8 0.029 233.9 
10 0.0178 715.2 2.27 0.04 406.6 
 
 
 
 
Cable 4: 11kV, 3 cores (Al), 240mmsqd, 2.5m, 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0014 1054 0.667 0.001 1.888 
4 0.0048 1056 1.33 0.006 25.55 
6 0.0067 1058 2 0.013 80.42 
8 0.0088 1059 2.66 0.023 186.6 
10 0.011 1061 3.327 0.037 366.9 
Yellow       
2 0.001 1060 0.669 0.001 1.399 
4 0.0033 1061 1.34 0.004 17.47 
6 0.0048 1064 2.01 0.01 58.33 
8 0.0061 1065 2.68 0.016 131 
10 0.0081 1066 3.36 0.027 272.4 
Blue       
2 0.0006 1071 0.678 0 0.776 
4 0.001 1071 1.35 0.001 5.417 
6 0.0031 1073 2.03 0.006 38.25 
8 0.0043 1075 2.7 0.012 92.24 
10 0.0057 1076 3.39 0.019 194.8 
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Cable 6: 11kV, 3 cores (Al), 240mmsqd, 1.6m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0028 690.1 0.439 0.001 2.444 
4 0.0125 696.9 0.878 0.011 44.02 
6 0.0165 699.6 1.32 0.022 131.4 
8 0.0219 700.9 1.77 0.039 310 
10 0.0273 700.6 2.21 0.06 604.4 
Yellow       
2 0.0059 665.4 0.418 0.002 4.889 
4 0.0167 672.7 0.846 0.014 56.54 
6 0.0194 676.1 1.27 0.025 147.9 
8 0.0203 677.9 1.71 0.035 278.7 
10 0.0202 678.4 2.14 0.043 431.5 
Blue       
2 0.0027 671 0.424 0.001 2.282 
4 0.0109 674.5 0.851 0.009 37.19 
6 0.016 677.9 1.28 0.021 123.3 
8 0.0172 680.2 1.72 0.03 236.6 
10 0.0196 680.5 2.15 0.042 423.5 
 
 
 
 
Cable 7: 11kV, 3 cores (Al), 150mmsqd, 4.2m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0048 1535 0.97 0.005 9.301 
4 0.0107 1540 1.97 0.021 86.27 
6 0.0191 1542 2.92 0.056 334.3 
8 0.0283 1541 3.88 0.11 881.1 
10 0.0381 1541 4.85 0.183 1845.3 
Yellow       
2 0.0021 1478 0.93 0.002 3.919 
4 0.0051 1479 1.86 0.01 38.16 
6 0.0097 1479 2.8 0.027 163.5 
8 0.0159 1480 3.74 0.058 472.6 
10 0.0176 1480 4.68 0.079 819.7 
Blue       
2 0.0028 1476 0.933 0.003 5.273 
4 0.0098 1477 1.86 0.018 73.03 
6 0.0142 1478 2.79 0.04 237.8 
8 0.0199 1478 3.72 0.074 592.6 
10 0.0214 1478 4.67 0.1 1006 
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Cable 8: 11kV, 3 cores (Al), 240mmsqd, 2.2m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0163 816 0.511 0.008 16.58 
4 0.021 819.3 1.03 0.022 86.52 
6 0.02 823.4 1.55 0.031 187.3 
8 0.0187 825.5 2.07 0.039 310.2 
10 0.0223 825.5 2.59 0.058 578.1 
Yellow       
2 0.0077 845.3 0.528 0.004 8.112 
4 0.012 850.6 1.07 0.013 50.59 
6 
8 
10  
Blue       
2 0.009 833.8 0.524 0.005 9.442 
4 0.0094 834.1 1.05 0.01 39.91 
6 0.0117 836.3 1.57 0.018 110.6 
8 0.0125 835.9 2.1 0.026 210.9 
10 0.0147 835.4 2.63 0.039 386.7 
 
 
 
 
Cable 9: 11kV, 3 cores (Al), 240mmsqd, 1.5m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0013 510 0.321 0 0.811 
4 0.003 510.6 0.644 0.002 7.636 
6 0.0054 511.8 0.968 0.005 31.25 
8 0.0077 513.4 1.29 0.01 80.28 
10 0.0091 514.7 1.62 0.015 147.5 
Yellow       
2 0.0013 510.4 0.32 0 0.835 
4 0.0029 510.8 0.641 0.002 7.529 
6 0.0113 512.5 0.966 0.011 65.55 
8 0.0163 514 1.29 0.021 168.4 
10 0.0224 516 1.63 0.032 363.4 
Blue       
2 0.0016 492.5 0.308 0.001 1.005 
4 0.0029 488.6 0.613 0.002 7.076 
6 0.0051 480.2 0.905 0.005 27.7 
8 0.006 470.9 1.18 0.007 57.36 
10 0.0064 459.5 1.45 0.009 93.69 
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Cable 11: 11kV, 3 cores (Al), 240mmsqd, 1.4m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0022 578 0.364 1.598 
4 0.0082 579.8 0.732 23.898 
6 0.0124 582.2 1.101 81.648 
8 0.0146 583.5 1.471 171.287 
10 0.0158 584.1  1.841 289.931 
Yellow       
2 0.0013 563.1 0.355 0.920 
4 0.0045 563.4 0.707 12.744 
6 0.0105 565.4 1.426 67.142 
8 0.0143 567.2 1.602 163.081 
10 0.0174 568.7  1.804 310.873 
Blue       
2 0.0006 586.3 0.367 0.442 
4 0.0036 586.7 0.738 10.617 
6 0.0084 588.3 1.109 55.890 
8 0.0109 589.8 1.487 129.259 
10 0.0128 590.9  1.863 237.615 
 
 
 
Cable 12: 11kV, 3 cores (Al), 150mmsqd, 2.4m 
 
Red       
U test tan delta capacitance Current I leakage P active (loss) 
kV   pF mA mA mW 
2 0.0002 676 0.429 0.170 
4 0.0002 676.1 0.854 0.680 
6 0.0018 676.8 1.282 13.778 
8 0.004 678 1.705 54.528 
10 0.0062 679.3  2.142 132.313 
Yellow       
2 0.0002 662.3 0.42 0.166 
4 0.0003 662.5 0.835 0.999 
6 0.002 663.2 1.255 15.001 
8 0.0042 664.5 1.673 56.114 
10 0.0062 665.8  2.099 129.684 
Blue       
2 0.0001 648.6 0.411 0.082 
4 0.0003 648.8 0.815 0.978 
6 0.0022 649.6 1.227 16.163 
8 0.0044 650.9 1.641 57.583 
10 0.0062 652.2  2.056 127.035 
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APPENDIX C 
 
 
Formula from calculation (based on [1] and IEC 502 standards), 
 
  
r
R
C ro
ln
2 επε=  [F/m]    and    [Watt] δω tan2CVP =
   
where, εo = 8.854187817 ×10-12 [Fm-1],  εr = 2.4 and  tan δ = 0.004 
 
 
Table E: Comparison of Capacitance values from Measurement and Calculation  
 
U test 
voltage 
tan 
delta capacitance 
capacitance 
(measured) 
capacitance 
(calculated) 
power 
dissipation 
(measured) 
power 
dissipation 
(calculated) 
Cable 
samples 
  
kV   pF pF/m pF/m mW/m mW/m 
cable 1: 
11kV 2 0.0095 636.6 244.85 2.92 
  4 0.0118 639.1 245.81 14.58 
  6 0.0194 649.1 249.65 54.78 
  8 0.0198 650.4 250.15 99.59 
  10 0.0203 651.3 250.50 
461.58 
159.75 
70.18 
cable 2: 
22kV 2 0.0013 759.6 189.90 0.31 
  4 0.0022 760.2 190.05 2.10 
  6 0.0037 761.3 190.33 7.96 
  8 0.0049 762.7 190.68 18.79 
  10 0.0061 764.2 191.05 
373.10 
36.61 
56.73 
cable 5: 
11kV 2 0.0049 1180 245.83 1.51 
  4 0.0073 1181 246.04 9.03 
  6 0.0113 1184 246.67 31.52 
  8 0.0154 1187 247.29 76.57 
  10 0.0174 1190 247.92 
415.68 
135.52 
63.21 
cable 3: 
11kV           
Red 2 0.0008 698.7 174.68 0.18 
  4 0.0008 698.7 174.68 0.70 
  6 0.0019 699.2 174.80 3.76 
  8 0.004 700.5 175.13 14.08 
  10 0.0051 701.3 175.33 28.09 
Yellow 2 0.0005 718.6 179.65 0.11 
  4 0.0011 718.7 179.68 0.99 
  6 0.0053 719.7 179.93 10.78 
  8 0.0091 721.4 180.35 33.00 
  10 0.011 722.7 180.68 62.44 
Blue 2 0.0006 709.1 177.28 0.13 
  4 0.0052 710.3 177.58 4.64 
  6 0.0092 712.6 178.15 18.54 
  8 0.0163 713.9 178.48 58.49 
  10 0.0178 715.2 178.80 
244.62 
99.99 
37.19 
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U test 
voltage 
tan 
delta capacitance 
capacitance 
(measured) 
capacitance 
(calculated) 
power 
dissipation 
(measured) 
power 
dissipation 
(calculated) 
Cable 
samples 
  
kV   pF pF/m pF/m mW/m mW/m 
cable 4: 
11kV           
Red 2 0.0014 1054 210.80 0.37 
  4 0.0048 1056 211.20 5.10 
  6 0.0067 1058 211.60 16.03 
  8 0.0088 1059 211.80 37.47 
  10 0.011 1061 212.20 73.33 
Yellow 2 0.001 1060 212.00 0.27 
  4 0.0033 1061 212.20 3.52 
  6 0.0048 1064 212.80 11.55 
  8 0.0061 1065 213.00 26.12 
  10 0.0081 1066 213.20 54.25 
Blue 2 0.0006 1071 214.20 0.16 
  4 0.001 1071 214.20 1.08 
  6 0.0031 1073 214.60 7.52 
  8 0.0043 1075 215.00 18.59 
  10 0.0057 1076 215.20 
316.98 
38.54 
48.20 
cable 6: 
11kV           
Red 2 0.0028 690.1 215.66 0.76 
  4 0.0125 696.9 217.78 13.68 
  6 0.0165 699.6 218.63 40.80 
  8 0.0219 700.9 219.03 96.45 
  10 0.0273 700.6 218.94 187.77 
Yellow 2 0.0059 665.4 207.94 1.54 
  4 0.0167 672.7 210.22 17.65 
  6 0.0194 676.1 211.28 46.36 
  8 0.0203 677.9 211.84 86.47 
  10 0.0202 678.4 212.00 134.54 
Blue 2 0.0027 671 209.69 0.71 
  4 0.0109 674.5 210.78 11.55 
  6 0.016 677.9 211.84 38.33 
  8 0.0172 680.2 212.56 73.51 
  10 0.0196 680.5 212.66 
316.98 
130.94 
48.20 
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U test 
voltage 
tan 
delta capacitance 
capacitance 
(measured) 
capacitance 
(calculated) 
power 
dissipation 
(measured) 
power 
dissipation 
(calculated) 
Cable 
samples 
  
kV   pF pF/m pF/m mW/m mW/m 
cable 7: 
11kV           
Red 2 0.0048 1535 182.74 1.10 
  4 0.0107 1540 183.33 9.86 
  6 0.0191 1542 183.57 39.65 
  8 0.0283 1541 183.45 104.39 
  10 0.0381 1541 183.45 219.58 
Yellow 2 0.0021 1478 175.95 0.46 
  4 0.0051 1479 176.07 4.51 
  6 0.0097 1479 176.07 19.32 
  8 0.0159 1480 176.19 56.33 
  10 0.0176 1480 176.19 97.42 
Blue 2 0.0028 1476 175.71 0.62 
  4 0.0098 1477 175.83 8.66 
  6 0.0142 1478 175.95 28.26 
  8 0.0199 1478 175.95 70.40 
  10 0.0214 1478 175.95 
244.62 
118.29 
37.19 
cable 8: 
11kV           
Red 2 0.0163 816 185.45 3.80 
  4 0.021 819.3 186.20 19.66 
  6 0.02 823.4 187.14 42.33 
  8 0.0187 825.5 187.61 70.54 
  10 0.0223 825.5 187.61 131.44 
Yellow 2 0.0077 845.3 192.11 1.86 
  4 0.012 850.6 193.32 11.66 
  6 0.00 0.00 0.00 0.00 
  8 0.00 0.00 0.00 0.00 
  10 0.00 0.00 0.00 0.00 
Blue 2 0.009 833.8 189.50 2.14 
  4 0.0094 834.1 189.57 8.96 
  6 0.0117 836.3 190.07 25.15 
  8 0.0125 835.9 189.98 47.75 
  10 0.0147 835.4 189.86 
316.98 
87.68 
48.20 
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U test 
voltage 
tan 
delta capacitance 
capacitance 
(measured) 
capacitance 
(calculated) 
power 
dissipation 
(measured) 
power 
dissipation 
(calculated) 
Cable 
samples 
  
kV   pF pF/m pF/m mW/m mW/m 
cable 9: 
11kV           
Red 2 0.0013 510 170.00 0.28 
  4 0.003 510.6 170.20 2.57 
  6 0.0054 511.8 170.60 10.42 
  8 0.0077 513.4 171.13 26.49 
  10 0.0091 514.7 171.57 49.05 
Yellow 2 0.0013 510.4 170.13 0.28 
  4 0.0029 510.8 170.27 2.48 
  6 0.0113 512.5 170.83 21.83 
  8 0.0163 514 171.33 56.15 
  10 0.0224 516 172.00 121.04 
Blue 2 0.0016 492.5 164.17 0.33 
  4 0.0029 488.6 162.87 2.37 
  6 0.0051 480.2 160.07 9.23 
  8 0.006 470.9 156.97 18.94 
  10 0.0064 459.5 153.17 
316.98 
30.80 
48.20 
cable 10: 
11kV           
Red 2 0.0081 488 174.29 1.77 
  4 0.0127 491.3 175.46 11.20 
  6 0.0352 489.9 174.96 69.65 
  8 0.0506 489.3 174.75 177.79 
  10  0.00 0.00  0.00 
244.62 
0.00 
37.19 
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U test 
voltage 
tan 
delta capacitance 
capacitance 
(measured) 
capacitance 
(calculated) 
power 
dissipation 
(measured) 
power 
dissipation 
(calculated) 
Cable 
samples 
  
kV  pF pF/m pF/m mW/m mW/m 
cable 11: 
11kV         
Red 2 0.0022 578 275.24 0.76 
  4 0.0082 579.8 276.10 11.38 
  6 0.0124 582.2 277.24 38.88 
  8 0.0146 583.5 277.86 81.57 
  10 0.0158 584.1 278.14 138.06 
Yellow 2 0.0013 563.1 268.14 0.44 
  4 0.0045 563.4 268.29 6.07 
  6 0.0105 565.4 269.24 31.97 
  8 0.0143 567.2 270.10 77.66 
  10 0.0174 568.7 270.81 148.03 
Blue 2 0.0006 586.3 279.19 0.21 
  4 0.0036 586.7 279.38 5.06 
  6 0.0084 588.3 280.14 26.61 
  8 0.0109 589.8 280.86 61.55 
  10 0.0128 590.9 281.38 
316.98 
113.15 
48.20 
cable 12: 
11kV         
Red 2 0.0002 676 187.78 0.05 
  4 0.0002 676.1 187.81 0.19 
  6 0.0018 676.8 188.00 3.83 
  8 0.004 678 188.33 15.15 
  10 0.0062 679.3 188.69 36.75 
Yellow 2 0.0002 662.3 183.97 0.05 
  4 0.0003 662.5 184.03 0.28 
  6 0.002 663.2 184.22 4.17 
  8 0.0042 664.5 184.58 15.59 
  10 0.0062 665.8 184.94 36.02 
Blue 2 0.0001 648.6 180.17 0.02 
  4 0.0003 648.8 180.22 0.27 
  6 0.0022 649.6 180.44 4.49 
  8 0.0044 650.9 180.81 16.00 
  10 0.0062 652.2 181.17 
244.62 
35.29 
37.19 
 
